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METHOD AND APPARATUS FOR
RECIPROCITY BASED CSI-RS
TRANSMISSION AND RECEPTION

CROSS-REFERENCE TO RELATED
APPLICATIONS AND CLAIM OF PRIORITY

The present application claims priority to U.S. Provisional

Patent Application No. 62/956,973, filed on Jan. 3, 2020 and
U.S. Provisional Patent Application No. 63/112,346, filed on
Nov. 11, 2020. The content of the above-identified patent
documents 1s mcorporated herein by reference.

TECHNICAL FIELD

The present disclosure relates generally to wireless com-
munication systems and more specifically to reciprocity
based channel state information reference signal (CSI-RS)
transmission and reception.

BACKGROUND

Understanding and correctly estimating the channel
between a user equipment (UE) and a base station (BS) (e.g.,
gNode B (gNB)) 1s important for ethicient and eflfective
wireless communication. In order to correctly estimate the
DL channel conditions, the gNB may transmit a reference
signal, e.g., CSI-RS, to the UE for DL channel measurement,
and the UE may report (e.g., feedback) information about
channel measurement, e.g., CSI, to the gNB. With this DL
channel measurement, the gNB 1s able to select appropriate
communication parameters to eihiciently and eflectively
perform wireless data communication with the UE.

SUMMARY

Embodiments of the present disclosure provide methods
and apparatuses to enable channel state mnformation (CSI)
reporting 1n a wireless communication system.

In one embodiment, a UE for CSI reporting in a wireless
communication system 1s provided. The UE includes a
transceiver configured to receive configuration iformation
for at least one channel state information reference signal
(CSI-RS) resource that comprises P c;» CSI-RS ports; and
receive configuration information for channel state informa-
tion (CSI) feedback that 1s based on Q precoding dimen-
sions, wherein: there 1s a mapping between the P, ».
CSI-RS ports and the Q precoding dimensions, and
P..»#Q. The UE further includes a processor operably
connected to the transceiver. The processor 1s configured to
measure the P,.» . CSI-RS ports; determine a measurement
tor the Q precoding dimensions based on the mapping and
the measurement for the P .,» - CSI-RS ports; and determine
a CSI feedback based on the measurement for the Q pre-
coding dimensions. The transceiver 1s further configured to
transmit, over an uplink (UL) channel, the determined CSI
teedback.

In another embodiment, a BS 1n a wireless communica-
tion system 1s provided. The BS includes a processor con-
figured to generate configuration information for at least one
channel state information reference signal (CSI-RS)
resource that comprises P, .»o CSI-RS ports; and generate
configuration information for channel state nformation
(CSI) feedback that 1s based on Q precoding dimensions,
wherein: there 1s a mapping between the P, CSI-RS
ports and the Q precoding dimensions, and P, - =Q. The
BS further includes a transceiver operably connected to the
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processor. The transceiver 1s configured to: transmit the
configuration information for the at least one CSI-RS
resource; transmit the configuration information for the CSI
feedback; transmit the at least one CSI-RS resource from the
P, cne CSI-RS ports; and receirve, over an uplink (UL)
channel, the CSI feedback; wherein: the CSI feedback 1s
based on the Q precoding dimensions, and the QQ precoding
dimensions are based on the mapping and the P ¢;no CSI-RS
ports.

In yet another embodiment, a method for operating a UE
1s provided. The method comprises: receiving configuration
information for at least one channel state information ret-
erence signal (CSI-RS) resource that comprises P n< CSI-
RS ports; receiving configuration information for channel
state information (CSI) feedback that 1s based on Q precod-
ing dimensions, wherein: there 1s a mapping between the
P crne CSI-RS ports and the Q precoding dimensions, and
P c7n2Q); measuring the P,..» CSI-RS ports; determining
a measurement for the Q precoding dimensions based on the
mapping and the measurement for the P, CSI-RS ports;
determining a CSI feedback based on the measurement for
the Q precoding dimensions; and transmitting, over an
uplink (UL) channel, the determined CSI feedback.

Other technical features may be readily apparent to one
skilled in the art from the following figures, descriptions,
and claims.

Before undertaking the DETAILED DESCRIPTION
below, 1t may be advantageous to set forth definitions of
certain words and phrases used throughout this patent docu-
ment. The term “couple” and its derivatives refer to any
direct or indirect communication between two or more
clements, whether or not those elements are in physical
contact with one another. The terms “transmit,” “receive,”
and “communicate,” as well as derivatives thereof, encom-
pass both direct and indirect communication. The terms
“include” and “‘comprise,” as well as denivatives thereof,
mean 1nclusion without limitation. The term *“or” 1s inclu-
sive, meaning and/or. The phrase “associated with,” as well
as derivatives thereof, means to include, be included within,
interconnect with, contain, be contained within, connect to
or with, couple to or with, be communicable with, cooperate
with, interleave, juxtapose, be proximate to, be bound to or
with, have, have a property of, have a relationship to or with,
or the like. The term “controller” means any device, system
or part thereof that controls at least one operation. Such a
controller may be implemented 1n hardware or a combina-
tion of hardware and software and/or firmware. The func-
tionality associated with any particular controller may be
centralized or distributed, whether locally or remotely. The
phrase “at least one of,” when used with a list of items,
means that different combinations of one or more of the
listed 1tems may be used, and only one item 1n the list may
be needed. For example, “at least one of: A, B, and C”
includes any of the following combinations: A, B, C, A and
B, Aand C, B and C, and A and B and C.

Moreover, various functions described below can be
implemented or supported by one or more computer pro-
grams, each of which 1s formed from computer readable
program code and embodied 1 a computer readable
medium. The terms “application” and “program” refer to
one or more computer programs, solftware components, sets
of 1nstructions, procedures, functions, objects, classes,
instances, related data, or a portion thereof adapted for
implementation 1 a suitable computer readable program
code. The phrase “computer readable program code”
includes any type of computer code, including source code,
object code, and executable code. The phrase “computer
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readable medium™ includes any type of medium capable of
being accessed by a computer, such as read only memory
(ROM), random access memory (RAM), a hard disk drive,
a compact disc (CD), a digital video disc (DVD), or any
other type of memory. A “non-transitory” computer readable
medium excludes wired, wireless, optical, or other commu-
nication links that transport transitory electrical or other
signals. A non-transitory computer readable medium
includes media where data can be permanently stored and
media where data can be stored and later overwritten, such
as a rewritable optical disc or an erasable memory device.

Definitions for other certain words and phrases are pro-
vided throughout this patent document. Those of ordinary
skill 1n the art should understand that 1n many 1f not most
instances, such definitions apply to prior as well as future
uses of such defined words and phrases.

BRIEF DESCRIPTION OF THE

DRAWINGS

For a more complete understanding of the present disclo-
sure¢ and 1ts advantages, reference 1s now made to the
tollowing description taken in conjunction with the accom-
panying drawings, in which like reference numerals repre-
sent like parts:

FIG. 1 illustrates an example wireless network according,
to embodiments of the present disclosure;

FIG. 2 illustrates an example gNB according to embodi-
ments of the present disclosure;

FIG. 3 illustrates an example UE according to embodi-
ments of the present disclosure;

FIG. 4A 1llustrates a high-level diagram of an orthogonal
frequency division multiple access transmit path according
to embodiments of the present disclosure;

FIG. 4B 1llustrates a high-level diagram of an orthogonal
frequency division multiple access receive path according to
embodiments of the present disclosure;

FIG. 5 illustrates a transmitter block diagram for a
PDSCH 1n a subiframe according to embodiments of the
present disclosure;

FIG. 6 illustrates a receiver block diagram for a PDSCH
in a subframe according to embodiments of the present
disclosure:

FIG. 7 illustrates a transmitter block diagram for a
PUSCH 1n a subirame according to embodiments of the
present disclosure;

FIG. 8 illustrates a receiver block diagram for a PUSCH
in a subiframe according to embodiments of the present
disclosure:

FIG. 9 1illustrates an example network configuration
according to embodiments of the present disclosure;

FIG. 10 1llustrates an example multiplexing of two slices
according to embodiments of the present disclosure;

FIG. 11 illustrates an example antenna blocks according
to embodiments of the present disclosure;

FIG. 12 illustrates an antenna port layout according to
embodiments of the present disclosure;

FI1G. 13 1llustrates a 3D grid of oversampled DFT beams
according to embodiments of the present disclosure;

FIG. 14 illustrates an example mapping of CSI-RS ports
to 1mdex pairs according to embodiments of the present
disclosure:

FIG. 15 1llustrates a flow chart of a method for operating
a UE according to embodiments of the present disclosure;
and
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FIG. 16 illustrates a flow chart of a method for operating
a BS according to embodiments of the present disclosure.

DETAILED DESCRIPTION

FIG. 1 through FIG. 16, discussed below, and the various
embodiments used to describe the principles of the present
disclosure 1n this patent document are by way of illustration
only and should not be construed 1n any way to limit the
scope of the disclosure. Those skilled 1n the art will under-
stand that the principles of the present disclosure may be
implemented 1n any suitably arranged system or device.

The following documents and standards descriptions are
hereby incorporated by reference mnto the present disclosure
as 1f fully set forth herein: 3GPP TS 36.211 v16.3.0,
“BE-UTRA, Physical channels and modulation” (herein “REF
17); 3GPP TS 36.212 v16.3.0, “E-UTRA, Multiplexing and
Channel coding” (heremn “REF 27); 3GPP TS 36.213
v16.3.0, “E-UTRA, Physical Layer Procedures” (herein
“REF 37); 3GPP TS 36.321 v16.3.0, “E-UTRA, Medium
Access Control (MAC) protocol specification” (herein “REF
47y, 3GPP TS 36.331 v16.3.0, “E-UTRA, Radio Resource
Control (RRC) protocol specification” (heremn “REF 57);
3GPP TR 22.891 v14.2.0 (herein “REF 6); 3GPPTS 38.212
v16.3.0, “E-UTRA, NR, Multiplexing and channel coding”
(herem “REF 77); 3GPP TS 38.214 v16.3.0, “E-UTRA, NR,
Physical layer procedures for data” (herein “REF 8”); and
3GPP TS 38.213 v16.3.0, “E-UTRA, NR, Physical Layer
Procedures for control” (herein “REF 97).

Aspects, features, and advantages of the disclosure are
readily apparent from the following detailed description,
simply by illustrating a number of particular embodiments
and implementations, including the best mode contemplated
for carrying out the disclosure. The disclosure 1s also
capable of other and different embodiments, and 1ts several
details can be modified in various obvious respects, all
without departing from the spirit and scope of the disclosure.
Accordingly, the drawings and description are to be regarded
as 1llustrative 1in nature, and not as restrictive. The disclosure
1s 1llustrated by way of example, and not by way of

limitation, in the figures of the accompanying drawings.
In the following, for brevity, both FDD and TDD are

considered as the duplex method for both DL and UL
signaling.

Although exemplary descriptions and embodiments to
follow assume orthogonal frequency division multiplexing
(OFDM) or orthogonal frequency division multiple access
(OFDMA), the present disclosure can be extended to other
OFDM-based transmission waveforms or multiple access
schemes such as filtered OFDM (F-OFDM).

To meet the demand for wireless data traflic having
increased since deployment of 4G communication systems,
cllorts have been made to develop an improved 5G or
pre-5G communication system. Therefore, the 5G or pre-5G
communication system 1s also called a “beyvond 4G net-
work™ or a “post LTE system.”

The 5G communication system i1s considered to be imple-
mented 1n higher frequency (mmWave) bands, e.g., 60 GHz
bands, so as to accomplish higher data rates or in lower
frequency bands, such as below 6 GHz, to enable robust
coverage and mobility support. To decrease propagation loss
of the radio waves and increase the transmission coverage,
the beamiforming, massive multiple-input multiple-output
(MIMO), full dimensional MIMO (FD-MIMO), array
antenna, an analog beam forming, large scale antenna tech-
niques and the like are discussed in 3G commumnication
systems.
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In addition, 1n 5G communication systems, development
for system network improvement 1s under way based on
advanced small cells, cloud radio access networks (RANs),
ultra-dense networks, device-to-device (D2D) communica-
tion, wireless backhaul communication, moving network,
cooperative communication, coordinated multi-points
(CoMP) transmission and reception, interference mitigation
and cancellation and the like.

FIGS. 1-4B below describe various embodiments imple-
mented 1n wireless communications systems and with the
use of orthogonal frequency division multiplexing (OFDM)
or orthogonal frequency division multiple access (OFDMA)
communication techniques. The descriptions of FIGS. 1-3
are not meant to imply physical or architectural limitations
to the manner in which different embodiments may be
implemented. Diflerent embodiments of the present disclo-
sure may be implemented 1n any suitably-arranged commu-
nications system. The present disclosure covers several
components which can be used 1n conjunction or 1n com-
bination with one another, or can operate as standalone
schemes.

FIG. 1 illustrates an example wireless network according,
to embodiments of the present disclosure. The embodiment
of the wireless network shown 1n FIG. 1 1s for illustration
only. Other embodiments of the wireless network 100 could
be used without departing from the scope of this disclosure.

As shown 1n FIG. 1, the wireless network includes a gNB
101, a gNB 102, and a gNB 103. The gNB 101 communi-

cates with the gNB 102 and the gNB 103. The gNB 101 also
communicates with at least one network 130, such as the
Internet, a proprictary Internet Protocol (IP) network, or
other data network.

The gNB 102 provides wireless broadband access to the
network 130 for a first plurality of user equipments (UEs)
within a coverage areca 120 of the gNB 102. The first
plurality of UEs includes a UE 111, which may be located
in a small business; a UE 112, which may be located 1n an
enterprise (E); a UE 113, which may be located 1n a WiFi
hotspot (HS); a UE 114, which may be located 1n a first
residence (R); a UE 115, which may be located 1n a second
residence (R); and a UE 116, which may be a mobile device
(M), such as a cell phone, a wireless laptop, a wireless PDA,
or the like. The gNB 103 provides wireless broadband
access to the network 130 for a second plurality of UEs
within a coverage area 125 of the gNB 103. The second
plurality of UEs includes the UE 115 and the UE 116. In
some embodiments, one or more of the gNBs 101-103 may
communicate with each other and with the UEs 111-116
using 5G, LTE, LTE-A, WiMAX, WiF1, or other wireless
communication techmaques.

Depending on the network type, the term “base station™ or
“BS” can refer to any component (or collection of compo-
nents) configured to provide wireless access to a network,
such as transmit point (TP), transmit-receive point (T RP), an
enhanced base station (eNodeB or eNB), a 5G base station
(gNB), a macrocell, a femtocell, a WikF1 access point (AP),
or other wirelessly enabled devices. Base stations may
provide wireless access 1n accordance with one or more
wireless commumnication protocols, €.g., 5G 3GPP new radio
interface/access (NR), long term evolution (LTE), LTE
advanced (LTE-A), high speed packet access (HSPA), Wi-Fi
802.11a/b/g/n/ac, etc. For the sake of convenience, the terms
“BS” and “TRP” are used interchangeably in this patent
document to refer to network infrastructure components that
provide wireless access to remote terminals. Also, depend-
ing on the network type, the term “user equipment™ or “UE”
can refer to any component such as “mobile station,” “sub-
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scriber station,” “‘remote terminal,” “wireless terminal,”
“recerve point,” or “user device.” For the sake of conve-
nience, the terms “user equipment” and “UE” are used in
this patent document to refer to remote wireless equipment
that wirelessly accesses a BS, whether the UE 1s a mobile
device (such as a mobile telephone or smartphone) or is
normally considered a stationary device (such as a desktop
computer or vending machine).

Dotted lines show the approximate extents of the cover-
age arcas 120 and 125, which are shown as approximately
circular for the purposes of illustration and explanation only.
It should be clearly understood that the coverage areas
associated with gNBs, such as the coverage areas 120 and
125, may have other shapes, including irregular shapes,
depending upon the configuration of the gNBs and varia-
tions in the radio environment associated with natural and
man-made obstructions.

As described in more detail below, one or more of the UEs
111-116 include circuitry, programing, or a combination
thereof, for receiving configuration information for at least
one channel state information reference signal (CSI-RS)
resource that comprises P.... CSI-RS ports; receiving
configuration information for channel state nformation
(CSI) feedback that 1s based on Q precoding dimensions,
wherein: there 1s a mapping between the P, CSI-RS
ports and the QQ precoding dimensions, and P, #Q mea-
suring the P .,» CSI-RS ports; determining a measurement
for the Q precoding dimensions based on the mapping and
the measurement for the P ,, . CSI-RS ports; determining a
CSI feedback based on the measurement for the Q precoding
dimensions; and transmitting, over an uplink (UL) channel,
the determined CSI feedback, and one or more of the gNBs
101-103 1includes circuitry, programing, or a combination
thereol, for generating configuration information for at least
one channel state information reference signal (CSI-RS)
resource that comprises P,qne CSI-RS ports; generating
configuration information for channel state nformation
(CSI) feedback that 1s based on Q precoding dimensions,
wherein: there 1s a mapping between the P,o/nc CSI-RS
ports and the Q precoding dimensions, and P ., #Q; trans-
mitting the configuration information for the at least one
CSI-RS resource; transmitting the configuration information

for the CSI feedback; transmitting the at least one CSI-RS
resource from the P~ CSI-RS ports; and receiving, over
an uplink (UL) channel, the CSI feedback; wherein: the CSI
teedback 1s based on the Q precoding dimensions, and the O
precoding dimensions are based on the mapping and the
P crme CSI-RS ports.

Although FIG. 1 illustrates one example of a wireless
network, various changes may be made to FIG. 1. For
example, the wireless network could include any number of
gNBs and any number of UEs 1n any suitable arrangement.
Also, the gNB 101 could communicate directly with any
number of UEs and provide those UEs with wireless broad-
band access to the network 130. Similarly, each gNB 102-
103 could communicate directly with the network 130 and
provide UEs with direct wireless broadband access to the
network 130. Further, the gNBs 101, 102, and/or 103 could
provide access to other or additional external networks, such
as external telephone networks or other types of data net-
works.

FIG. 2 illustrates an example gNB 102 according to
embodiments of the present disclosure. The embodiment of
the gNB 102 illustrated in FIG. 2 1s for illustration only, and
the gNBs 101 and 103 of FIG. 1 could have the same or

similar configuration. However, gNBs come 1 a wide
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variety of configurations, and FI1G. 2 does not limit the scope
of this disclosure to any particular implementation of a gNB.

As shown in FIG. 2, the gNB 102 includes multiple

antennas 203a-205», multiple RF transceivers 210a-210z,
transmit (1X) processing circuitry 215, and receive (RX)
processing circuitry 220. The gNB 102 also includes a
controller/processor 225, a memory 230, and a backhaul or
network interface 235.

The RF transceivers 210a-210# receive, from the anten-
nas 205aq-205%, incoming RF signals, such as signals trans-
mitted by UEs in the network 100. The RF transceivers
210a-210n down-convert the mmcoming RF signals to gen-
erate IF or baseband signals. The IF or baseband signals are
sent to the RX processing circuitry 220, which generates
processed baseband signals by filtering, decoding, and/or
digitizing the baseband or IF signals. The RX processing
circuitry 220 transmuits the processed baseband signals to the
controller/processor 225 for further processing.

The TX processing circuitry 215 receives analog or digital
data (such as voice data, web data, e-mail, or interactive
video game data) from the controller/processor 225. The TX
processing circuitry 215 encodes, multiplexes, and/or digi-
tizes the outgoing baseband data to generate processed
baseband or IF signals. The RF transceivers 210a-210%
receive the outgoing processed baseband or IF signals from
the TX processing circuitry 215 and up-converts the base-
band or IF signals to RF signals that are transmitted via the
antennas 203a-205x.

The controller/processor 2235 can include one or more
processors or other processing devices that control the
overall operation of the gNB 102. For example, the control-
ler/processor 225 could control the reception of forward
channel signals and the transmission of reverse channel
signals by the RF transceivers 210a-210#, the RX process-
ing circuitry 220, and the TX processing circuitry 2135 1n
accordance with well-known principles. The controller/pro-
cessor 225 could support additional functions as well, such
as more advanced wireless communication functions.

For instance, the controller/processor 2235 could support
beam forming or directional routing operations 1 which
outgoing signals from multiple antennas 2054-2057 are
weighted diflerently to eflectively steer the outgoing signals
in a desired direction. Any of a wide variety of other
functions could be supported in the gNB 102 by the con-
troller/processor 225.

The controller/processor 2235 is also capable of executing
programs and other processes resident in the memory 230,
such as an OS. The controller/processor 225 can move data
into or out of the memory 230 as required by an executing
process.

The controller/processor 225 1s also coupled to the back-
haul or network interface 235. The backhaul or network
interface 2335 allows the gNB 102 to communicate with
other devices or systems over a backhaul connection or over
a network. The mterface 235 could support communications
over any suitable wired or wireless connection(s). For
example, when the gNB 102 1s implemented as part of a
cellular communication system (such as one supporting 5G,
LTE, or LTE-A), the interface 235 could allow the gNB 102
to communicate with other gNBs over a wired or wireless
backhaul connection. When the gNB 102 1s implemented as
an access point, the mterface 235 could allow the gNB 102
to communicate over a wired or wireless local area network
or over a wired or wireless connection to a larger network
(such as the Internet). The interface 235 includes any
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suitable structure supporting communications over a wired
or wireless connection, such as an Ethernet or RF trans-
celver.

The memory 230 1s coupled to the controller/processor
225. Part of the memory 230 could include a RAM, and
another part of the memory 230 could include a Flash
memory or other ROM.

Although FIG. 2 illustrates one example of gNB 102,
various changes may be made to FIG. 2. For example, the
gNB 102 could include any number of each component
shown 1n FIG. 2. As a particular example, an access point
could include a number of interfaces 235, and the controller/
processor 225 could support routing functions to route data
between diflerent network addresses. As another particular
example, while shown as including a single istance of TX
processing circuitry 215 and a single mstance of RX pro-
cessing circuitry 220, the gNB 102 could include multiple
instances of each (such as one per RF transceiver). Also,
various components 1 FIG. 2 could be combined, further
subdivided, or omitted and additional components could be
added according to particular needs.

FIG. 3 illustrates an example UE 116 according to
embodiments of the present disclosure. The embodiment of
the UE 116 1llustrated in FIG. 3 1s for 1llustration only, and
the UEs 111-115 of FIG. 1 could have the same or similar
configuration. However, UEs come 1n a wide variety of
configurations, and FIG. 3 does not limit the scope of this
disclosure to any particular implementation of a UE.

As shown 1n FIG. 3, the UE 116 includes an antenna 305,
a radio frequency (RF) transceiver 310, TX processing
circuitry 315, a microphone 320, and recerve (RX) process-
ing circuitry 325. The UE 116 also includes a speaker 330,
a processor 340, an mput/output (I/O) mterface (IF) 345, a
touchscreen 350, a display 3535, and a memory 360. The
memory 360 includes an operating system (OS) 361 and one
or more applications 362.

The RF transceiver 310 recerves, from the antenna 305, an
incoming RF signal transmitted by a gNB of the network
100. The RF transceiver 310 down-converts the incoming,
RF signal to generate an intermediate frequency (IF) or
baseband signal. The IF or baseband signal 1s sent to the RX
processing circuitry 325, which generates a processed base-
band signal by filtering, decoding, and/or digitizing the
baseband or IF signal. The RX processing circuitry 3235
transmits the processed baseband signal to the speaker 330
(such as for voice data) or to the processor 340 for further
processing (such as for web browsing data).

The TX processing circuitry 313 receives analog or digital
voice data from the microphone 320 or other outgoing
baseband data (such as web data, e-mail, or interactive video
game data) from the processor 340. The TX processing
circuitry 315 encodes, multiplexes, and/or digitizes the
outgoing baseband data to generate a processed baseband or
IF signal. The RF transceiver 310 receives the outgoing
processed baseband or IF signal from the TX processing
circuitry 315 and up-converts the baseband or IF signal to an
RF signal that 1s transmitted via the antenna 305.

The processor 340 can include one or more processors or
other processing devices and execute the OS 361 stored 1n
the memory 360 1n order to control the overall operation of
the UE 116. For example, the processor 340 could control
the reception of forward channel signals and the transmis-
sion of reverse channel signals by the RF transceiver 310,
the RX processing circuitry 325, and the TX processing
circuitry 315 in accordance with well-known principles. In
some embodiments, the processor 340 includes at least one
microprocessor or microcontroller.
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The processor 340 1s also capable of executing other
processes and programs resident in the memory 360, such as
processes for receiving configuration information for at least
one channel state information reference signal (CSI-RS)
resource that comprises P,o»c CSI-RS ports; receiving
configuration information for channel state nformation
(CSI) feedback that 1s based on Q precoding dimensions,
wherein: there 1s a mapping between the P, oo CSI-RS
ports and the Q precoding dimensions, and P .,, #Q; mea-
suring the P,.» CSI-RS ports; determining a measurement
tor the Q precoding dimensions based on the mapping and
the measurement for the P,.,» - CSI-RS ports; determining a
CSI feedback based on the measurement for the QQ precoding
dimensions; and transmitting, over an uplink (UL) channel,
the determined CSI feedback. The processor 340 can move
data into or out of the memory 360 as required by an
executing process. In some embodiments, the processor 340
1s configured to execute the applications 362 based on the
OS 361 or 1n response to signals recerved from gNBs or an
operator. The processor 340 1s also coupled to the I/O
interface 345, which provides the UE 116 with the ability to
connect to other devices, such as laptop computers and
handheld computers. The I/O interface 345 1s the commu-
nication path between these accessories and the processor
340.

The processor 340 1s also coupled to the touchscreen 350
and the display 355. The operator of the UE 116 can use the
touchscreen 350 to enter data into the UE 116. The display
355 may be a liquid crystal display, light emitting diode
display, or other display capable of rendering text and/or at
least limited graphics, such as from web sites.

The memory 360 1s coupled to the processor 340. Part of
the memory 360 could include a random access memory
(RAM), and another part of the memory 360 could include
a Flash memory or other read-only memory (ROM).

Although FIG. 3 illustrates one example of UE 116,
vartous changes may be made to FIG. 3. For example,
various components 1 FIG. 3 could be combined, further
subdivided, or omitted and additional components could be
added according to particular needs. As a particular
example, the processor 340 could be divided into multiple
processors, such as one or more central processing units
(CPUs) and one or more graphics processing units (GPUs).
Also, while FIG. 3 illustrates the UE 116 configured as a
mobile telephone or smartphone, UEs could be configured to
operate as other types of mobile or stationary devices.

FIG. 4A 15 a high-level diagram of transmit path circuitry.
For example, the transmit path circuitry may be used for an
orthogonal frequency division multiple access (OFDMA)
communication. FIG. 4B 1s a high-level diagram of receive
path circuitry. For example, the receive path circuitry may be
used for an orthogonal frequency division multiple access
(OFDMA) communication. In FIGS. 4A and 4B, for down-
link communication, the transmit path circuitry may be
implemented in a base station (gNB) 102 or a relay station,
and the receive path circuitry may be implemented 1n a user
equipment (e.g., user equipment 116 of FIG. 1). In other
examples, for uplink communication, the receive path cir-
cuitry 450 may be implemented in a base station (e.g., gNB
102 of FIG. 1) or a relay station, and the transmit path
circuitry may be implemented 1n a user equipment (e.g., user
equipment 116 of FIG. 1).

Transmit path circuitry comprises channel coding and
modulation block 405, serial-to-parallel (S-to-P) block 410,
Si1ze N Inverse Fast Fourier Transform (IFFT) block 415,
parallel-to-serial (P-to-S) block 420, add cyclic prefix block
425, and up-converter (UC) 430. Receive path circuitry 450
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comprises down-converter (DC) 455, remove cyclic prefix
block 460, serial-to-parallel (S-to-P) block 465, Size N Fast
Fourier Transform (FFT) block 470, parallel-to-serial (P-to-
S) block 475, and channel decoding and demodulation block
480.

At least some of the components 1n FIGS. 4A 400 and 4B
450 may be implemented 1n soitware, while other compo-
nents may be implemented by configurable hardware or a
mixture of software and configurable hardware. In particu-
lar, 1t 1s noted that the FFT blocks and the IFFT blocks
described 1n this disclosure document may be implemented
as configurable software algorithms, where the value of Size
N may be modified according to the implementation.

Furthermore, although this disclosure 1s directed to an
embodiment that implements the Fast Fournier Transiform
and the Inverse Fast Fourier Transform, this 1s by way of
illustration only and may not be construed to limit the scope
of the disclosure. It may be appreciated that 1n an alternate
embodiment of the present disclosure, the Fast Fourier
Transform functions and the Inverse Fast Fourier Transform
functions may easily be replaced by discrete Fourier trans-
form (DFT) functions and inverse discrete Fourier transform
(IDFT) functions, respectively. It may be appreciated that
for DFT and IDFT functions, the value of the N variable may
be any integer number (1.e., 1, 4, 3, 4, etc.), while for FFT
and IFFT functions, the value of the N vaniable may be any
integer number that 1s a power of two (1.e., 1, 2, 4, 8, 16,
etc.).

In transmit path circuitry 400, channel coding and modu-
lation block 405 receives a set of information bits, applies
coding (e.g., LDPC coding) and modulates (e.g., quadrature
phase shift keying (QPSK) or quadrature amplitude modu-
lation (QAM)) the iput bits to produce a sequence of
frequency-domain modulation symbols. Serial-to-parallel
block 410 converts (1.e., de-multiplexes) the serial modu-
lated symbols to parallel data to produce N parallel symbol
streams where N 1s the IFFT/FFT size used 1n BS 102 and
UE 116. Size N IFFT block 415 then performs an IFFT
operation on the N parallel symbol streams to produce
time-domain output signals. Parallel-to-serial block 420
converts (1.e., multiplexes) the parallel time-domain output
symbols from Size N IFFT block 415 to produce a serial
time-domain signal. Add cyclic prefix block 425 then inserts
a cyclic prefix to the time-domain signal. Finally, up-
converter 430 modulates (1.e., up-converts) the output of add
cyclic prefix block 425 to RF frequency for transmission via
a wireless channel. The signal may also be filtered at
baseband before conversion to RF frequency.

The transmitted RF signal arrives at the UE 116 after
passing through the wireless channel, and reverse operations
to those at gNB 102 are performed. Down-converter 4335
down-converts the received signal to baseband frequency
and removes cyclic prefix block 460, and removes the cyclic
prefix to produce the serial time-domain baseband signal.
Serial-to-parallel block 465 converts the time-domain base-
band signal to parallel time-domain signals. Size N FFT
block 470 then performs an FFT algorithm to produce N
parallel frequency-domain signals. Parallel-to-sernial block
475 converts the parallel frequency-domain signals to a
sequence of modulated data symbols. Channel decoding and
demodulation block 480 demodulates and then decodes the
modulated symbols to recover the original input data stream.

Each of gNBs 101-103 may implement a transmit path
that 1s analogous to transmitting in the downlink to user
equipment 111-116 and may implement a receive path that
1s analogous to recerving in the uplink from user equipment
111-116. Similarly, each one of user equipment 111-116 may
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implement a transmit path corresponding to the architecture
for transmitting in the uplink to gNB s 101-103 and may
implement a receive path corresponding to the architecture
for receiving 1n the downlink from gNBs 101-103.

5G communication system use cases have been 1dentified
and described. Those use cases can be roughly categorized

* e

into three different groups. In one example, enhanced mobile
broadband (eMBB) 1s determined to do with high bits/sec
requirement, with less stringent latency and reliability
requirements. In another example, ultra reliable and low
latency (URLL) 1s determined with less stringent bits/sec
requirement. In yet another example, massive machine type
communication (mMTC) 1s determined that a number of
devices can be as many as 100,000 to 1 million per km?2, but
the rehiability/throughput/latency requirement could be less
stringent. This scenario may also 1involve power efliciency
requirement as well, in that the battery consumption may be
mimmized as possible.

A communication system includes a downlink (DL) that
conveys signals from transmission points such as base
stations (BSs) or NodeBs to user equipments (UEs) and an
Uplink (UL) that conveys signals from UEs to reception
points such as NodeBs. A UE, also commonly referred to as
a terminal or a mobile station, may be fixed or mobile and
may be a cellular phone, a personal computer device, or an
automated device. An eNodeB, which 1s generally a fixed
station, may also be referred to as an access point or other
equivalent terminology. For LTE systems, a NodeB 1s often
referred as an eNodeB.

In a communication system, such as LTE system, DL
signals can include data signals conveying information
content, control signals conveying DL control information
(DCI), and reference signals (RS) that are also known as

pilot signals. An eNodeB transmits data information through
a physical DL shared channel (PDSCH). An eNodeB trans-

mits DCI through a physical DL control channel (PDCCH)
or an Enhanced PDCCH (EPDCCH).

An eNodeB transmits acknowledgement imnformation 1n
response to data transport block (TB) transmission from a
UE 1n a physical hybrid ARQ indicator channel (PHICH).
An eNodeB transmits one or more of multiple types of RS
including a UE-common RS (CRS), a channel state infor-
mation RS (CSI-RS), or a demodulation RS (DMRS). A
CRS 1s transmitted over a DL system bandwidth (BW) and
can be used by UEs to obtain a channel estimate to demodu-
late data or control information or to perform measurements.
To reduce CRS overhead, an eNodeB may transmit a CSI-
RS with a smaller density in the time and/or frequency
domain than a CRS. DMRS can be transmitted only 1n the
BW of a respective PDSCH or EPDCCH and a UE can use
the DMRS to demodulate data or control information in a
PDSCH or an EPDCCH, respectively. A transmission time
interval for DL channels 1s referred to as a subiframe and can
have, for example, duration of 1 millisecond.

DL signals also include transmission of a logical channel
that carries system control information. A BCCH 1s mapped
to etther a transport channel referred to as a broadcast
channel (BCH) when the DL signals convey a master
information block (MIB) or to a DL shared channel (DL-
SCH) when the DL signals convey a System Information
Block (SIB). Most system information 1s included 1n difler-
ent SIBs that are transmitted using DL-SCH. A presence of
system information on a DL-SCH 1n a subiframe can be
indicated by a transmission of a corresponding PDCCH
conveying a codeword with a cyclic redundancy check
(CRC) scrambled with system information RINTI (SI-

RNTI). Alternatively, scheduling information for a SIB
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transmission can be provided in an earlier SIB and sched-
uling information for the first SIB (SIB-1) can be provided
by the MIB.

DL resource allocation 1s performed 1n a unit of subirame
and a group of physical resource blocks (PRBs). A trans-
mission BW 1ncludes frequency resource units referred to as
resource blocks (RBs). Each RB includes N_ *“ sub-carriers,
or resource elements (REs), such as 12 REs. A unit of one
RB over one subirame 1s referred to as a PRB. A UE can be
allocated M-rerry  RBs for a total of
M_ M, e N2 REs for the PDSCH transmission
BW
UL signals can include data signals conveying data infor-

mation, control signals conveying UL control information
(UCI), and UL RS. UL RS includes DMRS and Sounding
RS (SRS). A UE ftransmits DMRS only 1n a BW of a
respective PUSCH or PUCCH. An eNodeB can use a DMRS
to demodulate data signals or UCI signals. A UE transmits
SRS to provide an eNodeB with an UL CSI. A UE transmits
data information or UCI through a respective physical UL
shared channel (PUSCH) or a Physical UL control channel
(PUCCH). If a UE needs to transmit data information and
UCI 1n a same UL subirame, the UE may multiplex both in
a PUSCH. UCI includes Hybrid Automatic Repeat request
acknowledgement (HARQ-ACK) information, indicating
correct (ACK) or incorrect (NACK) detection for a data TB
in a PDSCH or absence of a PDCCH detection (DTX),
scheduling request (SR) indicating whether a UE has data 1n
the UE’s bufler, rank indicator (RI), and channel state
information (CSI) enabling an eNodeB to perform link
adaptation for PDSCH transmissions to a UE. HARQ-ACK
information 1s also transmitted by a UE in response to a
detection of a PDCCH/EPDCCH indicating a release of
semi-persistently scheduled PDSCH.

An UL subframe includes two slots. Each slot includes
Nsymbw’ symbols for transmitting data information, UCI,
DMRS, or SRS. A frequency resource unit of an UL system
BW 1s a RB. A UE 1s allocated N, RBs for a total of
N.,N_*? REs for a transmission BW. For a PUCCH,
N,.=1. A last subframe symbol can be used to multiplex
SRS transmissions from one or more UEs. A number of
subframe symbols that are available for data/UCI/DMRS
transmission 1s N, ,=2-(M,,,, . F=1)-Nr., where N, ~1
if a last subiframe symbol 1s used to transmit SRS and
N...~0 otherwise.

FIG. 5 illustrates a transmitter block diagram 500 for a
PDSCH 1n a subirame according to embodiments of the
present disclosure. The embodiment of the transmitter block
diagram 500 illustrated in FI1G. 5 1s for illustration only. One
or more of the components illustrated 1n FIG. § can be
implemented in specialized circuitry configured to perform
the noted functions or one or more of the components can be
implemented by one or more processors executing instruc-
tions to perform the noted functions. FIG. § does not limit
the scope of this disclosure to any particular implementation
of the transmitter block diagram 500.

As shown 1 FIG. 5, information bits 510 are encoded by
encoder 520, such as a turbo encoder, and modulated by
modulator 530, for example using quadrature phase shift
keying (QPSK) modulation. A serial to parallel (S/P) con-
verter 540 generates M modulation symbols that are subse-
quently provided to a mapper 550 to be mapped to REs
selected by a transmission BW selection unit 535 for an
assigned PDSCH transmission BW, unit 560 applies an
Inverse fast Fourier transform (IFFT), the output is then
serialized by a parallel to serial (P/S) converter 370 to create

a time domain signal, filtering 1s applied by filter 380, and
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a signal transmitted 590. Additional functionalities, such as
data scrambling, cyclic prefix insertion, time windowing,
interleaving, and others are well known 1n the art and are not
shown for brevity.

FIG. 6 illustrates a receiver block diagram 600 for a
PDSCH i a subirame according to embodiments of the
present disclosure. The embodiment of the diagram 600
illustrated 1n FIG. 6 1s for illustration only. One or more of
the components 1llustrated in FIG. 6 can be implemented in
specialized circuitry configured to perform the noted func-
tions or one or more of the components can be implemented
by one or more processors executing instructions to perform
the noted tunctions. FIG. 6 does not limit the scope of this
disclosure to any particular implementation of the diagram
600.

As shown 1n FIG. 6, a received signal 610 1s filtered by
filter 620, REs 630 for an assigned reception BW are
selected by BW selector 635, unit 640 applies a fast Fourier
transform (FFT), and an output 1s serialized by a parallel-
to-serial converter 650. Subsequently, a demodulator 660
coherently demodulates data symbols by applying a channel
estimate obtained from a DMRS or a CRS (not shown), and
a decoder 670, such as a turbo decoder, decodes the demodu-
lated data to provide an estimate of the information data bits
680. Additional functionalities such as time-windowing,
cyclic prefix removal, de-scrambling, channel estimation,
and de-interleaving are not shown for brevity.

FIG. 7 1illustrates a transmitter block diagram 700 for a
PUSCH 1n a subirame according to embodiments of the
present disclosure. The embodiment of the block diagram
700 1llustrated 1n FIG. 7 1s for illustration only. One or more
of the components illustrated 1n FIG. 5 can be implemented
in specialized circuitry configured to perform the noted
functions or one or more of the components can be 1imple-
mented by one or more processors executing instructions to
perform the noted functions. FIG. 7 does not limit the scope
of this disclosure to any particular implementation of the

block diagram 700.
As shown in FIG. 7, information data bits 710 are encoded
by encoder 720, such as a turbo encoder, and modulated by

modulator 730. A discrete Fournier transform (DFT) unit 740
applies a DFT on the modulated data bits, REs 750 corre-
sponding to an assigned PUSCH transmission BW are
selected by transmission BW selection unit 755, unit 760
applies an IFFT and, after a cyclic prefix insertion (not
shown), filtering 1s applied by filter 770 and a signal
transmitted 780.

FIG. 8 illustrates a receiver block diagram 800 for a
PUSCH 1n a subirame according to embodiments of the
present disclosure. The embodiment of the block diagram
800 1llustrated 1n FIG. 8 1s for illustration only. One or more
of the components 1llustrated 1n FIG. 8 can be implemented
in specialized circuitry configured to perform the noted
functions or one or more of the components can be 1imple-
mented by one or more processors executing instructions to
perform the noted functions. FIG. 8 does not limit the scope
of this disclosure to any particular implementation of the
block diagram 800.

As shown 1n FIG. 8, a received signal 810 1s filtered by
filter 820. Subsequently, after a cyclic prefix 1s removed (not
shown), unit 830 applies a FFT, REs 840 corresponding to
an assigned PUSCH reception BW are selected by a recep-
tion BW selector 845, unit 850 applies an inverse DFT
(IDFT), a demodulator 860 coherently demodulates data
symbols by applying a channel estimate obtained from a
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DMRS (not shown), a decoder 870, such as a turbo decoder,
decodes the demodulated data to provide an estimate of the
information data bits 880.

In next generation cellular systems, various use cases are
envisioned beyond the capabilities of LTE system. Termed
5G or the fifth generation cellular system, a system capable
of operating at sub-6 GHz and above-6 GHz (for example,
in mmWave regime) becomes one of the requirements. In
3GPP TR 22.891, 74 5G use cases have been 1dentified and

described; those use cases can be roughly categorized into
three different groups. A first group 1s termed “enhanced
mobile broadband (eMBB),” targeted to high data rate
services with less stringent latency and reliability require-
ments. A second group 1s termed ““ultra-reliable and low
latency (URLL)” targeted for applications with less stringent
data rate requirements, but less tolerant to latency. A third
group 1s termed “massive MTC (mMTC)” targeted for large
number of low-power device connections such as 1 million
per km” with less stringent the reliability, data rate, and
latency requirements.

FIG. 9 1llustrates an example network configuration 900
according to embodiments of the present disclosure. The
embodiment of the network configuration 900 illustrated 1n
FIG. 9 1s for illustration only. FIG. 9 does not limait the scope
of this disclosure to any particular implementation of the
configuration 900.

In order for the 5G network to support such diverse
services with different quality of services (QoS), one scheme
has been identified 1n 3GPP specification, called network
slicing.

As shown 1n FIG. 9, an operator’s network 910 includes
a number of radio access network(s) 920 (RAN(s)) that are
associated with network devices such as gNBs 930a and
930b, small cell base stations (femto/pico gNBs or Wi-Fi
access points) 9335a and 935bH. The network 910 can support
various services, each represented as a slice.

In the example, an URLL slice 940a serves UEs requiring,
URLL services such as cars 945h4, trucks 945¢, smart
watches 945a, and smart glasses 9454. Two mM'TC slices
950a and 9505 serve UEs requiring mMTC services such as
power meters 9554, and temperature control box 95556. One
¢MBB slice 960a serves UEs requiring eMBB services such
as cells phones 965a, laptops 965b, and tablets 965¢. A
device configured with two slices can also be envisioned.

To utilize PHY resources efliciently and multiplex various
slices (with different resource allocation schemes, numer-
ologies, and scheduling strategies) in DL-SCH, a flexible
and self-contained frame or subirame design is utilized.

FIG. 10 illustrates an example multiplexing of two slices
1000 according to embodiments of the present disclosure.
The embodiment of the multiplexing of two slices 1000
illustrated in FIG. 10 1s for i1llustration only. One or more of
the components 1llustrated in FIG. 10 can be implemented 1n
specialized circuitry configured to perform the noted func-
tions or one or more of the components can be implemented
by one or more processors executing instructions to perform
the noted functions. FIG. 10 does not limit the scope of this
disclosure to any particular implementation of the multi-
plexing of two slices 1000.

Two exemplary instances of multiplexing two slices
within a common subirame or frame are depicted i FIG. 10.
In these exemplary embodiments, a slice can be composed
of one or two transmission instances where one transmission

instance includes a control (CTRL) component (e.g., 1020aq,
1060a, 10605, 10205, or 1060¢) and a data component (e.g.,

1030a, 1070a, 10705, 10305, or 1070¢). In embodiment
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1010, the two slices are multiplexed 1n frequency domain
whereas 1n embodiment 1050, the two slices are multiplexed
in time domain.

The 3GPP NR specification supports up to 32 CSI-RS
antenna ports which enable a gNB to be equipped with a
large number of antenna elements (such as 64 or 128). In this
case, a plurality of antenna elements 1s mapped onto one
CSI-RS port. For next generation cellular systems such as
3G, the maximum number of CSI-RS ports can either remain
the same or increase.

FIG. 11 illustrates an example antenna blocks 1100
according to embodiments of the present disclosure. The
embodiment of the antenna blocks 1100 1llustrated 1n FIG.
11 1s for illustration only. FIG. 11 does not limit the scope
of this disclosure to any particular implementation of the
antenna blocks 1100.

For mmWave bands, although the number of antenna
clements can be larger for a given form factor, the number
of CSI-RS ports—which can correspond to the number of
digitally precoded ports—tends to be limited due to hard-
ware constraints (such as the feasibility to install a large
number of ADCs/DACs at mmWave frequencies) as illus-
trated in FIG. 11. In this case, one CSI-RS port 1s mapped
onto a large number of antenna elements which can be
controlled by a bank of analog phase shifters. One CSI-RS
port can then correspond to one sub-array which produces a
narrow analog beam through analog beamforming. This
analog beam can be configured to sweep across a wider
range of angles by varying the phase shifter bank across
symbols or subirames. The number of sub-arrays (equal to
the number of RF chains) 1s the same as the number of
CSI-RS ports N, o7 porr A digital beamforming unit per-
forms a linear combination across N ., »-r7 analog beams
to Turther increase precoding gain. While analog beams are
wideband (hence not frequency-selective), digital precoding,
can be varied across Irequency sub-bands or resource
blocks.

To enable digital precoding, etlicient design of CSI-RS 1s
a crucial factor. For this reason, three types of CSI reporting
mechanisms corresponding to three types of CSI-RS mea-
surement behavior are supported, for example, “CLASS A”
CSI reporting which corresponds to non-precoded CSI-RS,
“CLASS B” reporting with K=1 CSI-RS resource which
corresponds to UE-specific beamformed CSI-RS, and
“CLASS B” reporting with K>1 CSI-RS resources which
corresponds to cell-specific beamformed CSI-RS.

For non-precoded (NP) CSI-RS, a cell-specific one-to-one
mapping between CSI-RS port and TXRU 1s utilized. Dii-
terent CSI-RS ports have the same wide beam width and
direction and hence generally cell wide coverage. For beam-
tormed CSI-RS, beamforming operation, either cell-specific
or UE-specific, 1s applied on a non-zero-power (NZP) CSI-
RS resource (e.g., comprising multiple ports). At least at a
given time/frequency, CSI-RS ports have narrow beam
widths and hence not cell wide coverage, and at least from
the gNB perspective. At least some CSI-RS port-resource
combinations have different beam directions.

In scenarios where DL long-term channel statistics can be
measured through UL signals at a serving eNodeB, UE-
specific BF CSI-RS can be readily used. This 1s typlcally
teasible when UL-DL duplex distance 1s sufliciently small.
When this condition does not hold, however, some UE
teedback 1s necessary for the eNodeB to obtain an estimate
of DL long-term channel statistics (or any of representation
thereol). To facilitate such a procedure, a first BF CSI-RS
transmitted with periodicity T1 (ms) and a second NP
CSI-RS transmitted with periodicity T2 (ms), where T1<T12.
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This approach 1s termed hybrid CSI-RS. The implementa-
tion of hybrid CSI-RS 1s largely dependent on the definition
of CSI process and NZP CSI-RS resource.

In the 3GPP LTE specification, MIMO has been 1dentified
as an essential feature i order to achieve high system
throughput requirements and i1t will continue to be the same
in NR. One of the key components of a MIMO transmission
scheme 1s the accurate CSI acquisition at the eNB (or TRP).
For MU-MIMO, 1n particular, the availability of accurate
CSI 1s necessary 1n order to guarantee high MU perfor-
mance. For TDD systems, the CSI can be acquired using the
SRS transmission relying on the channel reciprocity. For
FDD systems, on the other hand, the CSI can be acquired
using the CSI-RS transmission from the eNB, and CSI
acquisition and feedback from the UE. In legacy FDD
systems, the CSI feedback framework 1s ‘implicit’ in the
form of CQI/PMI/RI derived from a codebook assuming SU
transmission irom the eNB. Because of the inherent SU
assumption while deriving CSI, this implicit CSI feedback 1s
inadequate for MU transmission. Since future (e.g., NR)
systems are likely to be more MU-centric, this SU-MU CSI
mismatch will be a bottleneck 1n achieving high MU per-
formance gains. Another 1ssue with implicit feedback 1s the
scalability with larger number of antenna ports at the eNB.
For large number of antenna ports, the codebook design for
implicit feedback 1s quite complicated, and the designed
codebook 1s not guaranteed to bring justifiable performance
benefits 1n practical deployment scenarios (for example,
only a small percentage gain can be shown at the most).

In 3G or NR systems, the above-mentioned CSI reporting
paradigm from LTE 1s also supported and referred to as Type
I CSI reporting. In addition to Type I, a high-resolution CSI
reporting, referred to as Type II CSI reporting, 1s also
supported to provide more accurate CSI information to gNB
for use cases such as high-order MU-MIMO.

All the following components and embodiments are appli-
cable for UL transmission with CP-OFDM (cyclic prefix
OFDM) wavetorm as well as DFI-SOFDM (DFT-spread
OFDM) and SC-FDMA (single-carrier FDMA) wavelorms.
Furthermore, all the following components and embodi-
ments are applicable for UL transmission when the sched-
uling unit 1n time 1s either one subirame (which can consist
of one or multiple slots) or one slot.

In the present disclosure, the frequency resolution (report-
ing granularity) and span (reporting bandwidth) of CSI
reporting can be defined 1n terms of frequency “subbands™
and “CSI reporting band” (CRB), respectively.

A subband for CSI reporting 1s defined as a set of
contiguous PRBs which represents the smallest frequency
unit for CSI reporting. The number of PRBs in a subband
can be fixed for a given value of DL system bandwidth,
configured either semi-statically via higher-layer/RRC sig-
naling, or dynamically via L1 DL control signaling or MAC
control element (MAC CE). The number of PRBs 1n a
subband can be included 1n CSI reporting setting.

“CSI reporting band” 1s defined as a set/collection of
subbands, either contiguous or non-contiguous, wherein CSI
reporting 1s performed. For example, CSI reporting band can
include all the subbands within the DL system bandwidth.
This can also be termed “full-band”. Alternatively, CSI
reporting band can include only a collection of subbands
within the DL system bandwidth. This can also be termed
“partial band”.

The term “CSI reporting band™ 1s used only as an example
for representing a function. Other terms such as “CSI
reporting subband set” or “CSI reporting bandwidth” can
also be used.
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FIG. 12 illustrates an example antenna port layout 1200
according to embodiments of the present disclosure. The
embodiment of the antenna port layout 1200 illustrated 1n
FIG. 12 1s for illustration only. FIG. 12 does not limit the
scope of this disclosure to any particular implementation of
the antenna port layout 1200.

As 1llustrated in FIG. 12, N, and N, are the number of

antenna ports with the same polarization in the first and
second dimensions, respectively. For 2D antenna port lay-
outs, N,>1, N,>1, and for 1D antenna port layouts N,>1 and
N,=1. Therefore, for a dual-polarized antenna port layout,
the total number of antenna ports 1s 2N, N,,.

As described in U.S. Pat. No. 10,659,118, 1ssued May 19,
2020 and entitled “Method and Apparatus for Explicit CSI
Reporting in Advanced Wireless Communication Systems,”
which 1s incorporated herein by reference in its entirety, a
UE 1s configured with high-resolution (e.g., Type II) CSI
reporting in which the linear combination based Type II CSI
reporting framework 1s extended to include a frequency
dimension 1n addition to the first and second antenna port
dimensions.
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FIG. 13 illustrates a 3D grid 1300 of the oversampled
DFT beams (1st port dim., 2nd port dim., freq. dim.) 1n
which

1st dimension 1s associated with the 1st port dimension,

2nd dimension 1s associated with the 2nd port dimension,

and

3rd dimension 1s associated with the frequency dimen-

s101.

The basis sets for 1st and 2nd port domain representation are
oversampled DFT codebooks of length-N, and length-N,,,
respectively, and with oversampling factors O, and O,,
respectively. Likewise, the basis set for frequency domain
representation (1.e., 3rd dimension) 1s an oversampled DFT
codebook of length-N, and with oversampling factor O,. In
one example, O,=0,=0,;=4. In another example, the over-
sampling factors O, belongs to {2, 4, 8}. In yet another
example, at least one of O,, O,, and O 1s higher layer
configured (via RRC signaling).

A UE 1s configured with higher layer parameter Code-
bookType set to “Typell-Compression’ or “Typelll’ for an
enhanced Type II CSI reporting 1n which the pre-coders for
all subbands (SBs) and for a given layer 1=1, . . ., v, where
v 1s the associated RI value, 1s given by either

- Cioo  Cion Croar—1 (Eq. 1)
Ciio  Ciia Cria-1 i
ar_1] - - - 160Dy ... by ] =
Crr-10 Crr-11 -« Crr—13r-1 |
M-1 < I-1 Hy O LN M-l H
Zf:'j Zf:ﬂ Efﬁfﬁf(ﬂfbf) _ Zlej Z —0 Efﬁfﬁf(afbf )7’
(Eq. 2)
Iy _q 0
0 dodd] ... df_q
- Croo  Cron Croa—1 |
Ciio Chia Cria-1
. . . [boby ... by 1] =
Cirm1o Crro1a oo Crzo1a-1 |
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where
N, 1s a number of antenna ports 1n a first antenna port

dimension (having the same antenna polarization),

N, 1s a number of antenna ports 1n a second antenna port

dimension (having the same antenna polarization),

N; 1s a number of SBs for PMI reporting or number of FDD

units or number of FD components (that comprise the
CSI reporting band) or a total number of precoding
matrices 1indicated by the PMI,

a.1s a 2N;N,X1 (Eq. 1) or N;N,X1 (Eq. 2) column vector,

b-1s a N3x1 column vector,

C,; r18 a complex coefficient.

In a variation, when the UE reports a subset K<2L.LM
coefficients (where K is either fixed, configured by the gNB
or reported by the UE), then the coefficient ¢, in precoder
equations Eq. 1 or Eq. 2 is replaced with x,; Xc,, » where

X, ;/~1 1f the coefficient ¢, -1s reported by the UE accord-

ing to some embodiments of this invention.

X, ;/~0 otherwise (1.e., ¢;; - 1s not reported by the UE).
The indication whether x;, =1 or 0 i1s according to some
embodiments of this invention. For example, it can be via a
bitmap.

In a variation, the precoder equations Eq. 1 or Eq. 2 are
respectively generalized to

— Ef:f iIbH (Eq 3)

and

(Eq. 4)

Z;—{}Z E“f aib ff
Z ZM 1£;I+Lfabf‘})

where for a given 1, the number of basis vectors 1s M, and the
corresponding basis vectors are {b, ;}. Note that M. 1s the
number of coefficients ¢, -reported by the UE for a given 1,

where M <M (where {M.} or XM 1s either fixed, configured
by the gNB or reported by the UE).

The columns of W' are normalized to norm one. For rank
R or R layers (v=R), the pre-coding matrix 1s given by

L[W1 e ..

VR

A .

Eqg. 2 1s assumed 1n the rest of the disclosure. The embodi-
ments of the disclosure, however, are general and are also
application to Eq. 1, Eq. 3 and Eq. 4.

Here L<2N,N, and M<N,. If L=2N /N, then A 1s an
1dentity matrix, and hence not reported. Likewise, 1if M=N_,
then B 1s an 1identity matrix, and hence not reported. Assum-
ing LL.<2N,N,, 1in an example, to report columns of A, the
oversampled DFT codebook 1s used. For instance, a=v,,,.
where the quantity v,, 1s given by

2am ZHW(NZ 1)]
um_{ll 0Ny ¢
1 N, =
- 2xl 2N —1) r
Vim = [Hm & O1 M) w, ... o, 01N Hm]

Similarly, assuming M<N,, in an example, to report
columns of B, the oversampled DFT codebook 1s used. For
Instance, b=w, where the quantity w,1s given by
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W ZHH%}? 2 Zn%}? FEH-(N:; )ngj?
F= 1 ej O3 N3 ej 03Ny T O3M3
When O,=1, the FD basis vector for layer le {1, ..., v}
(where v 1s the RI or rank value) 1s given by
W= [yD,f(}c}y 1,:m- x yNg—l,f(}c}]Tp
where
)
. 2?1’2‘?‘1%};
y;r,r’ =€ M3
and n; =[n; ', . . ., n3,*""] where n; V{0, 1, ...,
Ny—1}.

In another example, discrete cosine transform DCT basis
is used to construct/report basis B for the 3™ dimension. The
m-th column of the DCT compression matrix 1s simply given

by

[V rlm =

2 a(2m+ 1n
— COS . n=1, ...
K 2K

K:Ng,ﬂﬂd H’EZO, ,Ng—l.

Since DCT 1s applied to real valued coefficients, the DCT
1s applied to the real and imaginary components (of the
channel or channel eigenvectors) separately. Alternatively,
the DCT 1s applied to the magnitude and phase components
(of the channel or channel eigenvectors) separately. The use
of DFT or DCT basis 1s for 1llustration purpose only. The
disclosure 1s applicable to any other basis vectors to con-
struct/report A and B.

On a high level, a precoder W' can be described as
follows.

W=A,Cb IH: Wi Wg WfH5 (3)

where A=W, corresponds to the Rel. 15 W, 1n Type II CSI
codebook [REF3], and B=W,.

The C=W, matrix consists of all the required linear
combination coefficients (e.g., amplitude and phase or real
or 1maginary). Each reported coetficient (c;; =p;; 0,; ) 1n
W, 1s quantized as amplitude coetficient (p,; ) and phase
coetticient (0, ). In one example, the amplitude coefficient
(p,; o) 1s reported using a A-bit amplitude codebook where A
belongs to {2, 3, 4}. If multiple values for A are supported,
then one value 1s configured via higher layer signaling. In
another example, the amplitude coefficient (p,; /) 1s reported

(D @)
S Prig=Priy Puriyf where

P, f“) 1s a reference or first amplitude which 1s reported
using a Al-bit amplitude codebook where Al belongs
to {2, 3, 4}, and

P, is a differential or second amplitude which is

reported using a A2-bit amplitude codebook where
A2<A] belongs to {2, 3, 4}.

For layer 1, let us denote the linear combination (L.C)
coefficient associated with spatial domain (SD) basis vector
(or beam) 1€{0, 1, ..., 2L.—-1} and frequency domain (FD)
basis vector (or beam) fe {0, 1, , M—1} as ¢, 7 and the
strongest coetficient as c; ;- e The strongest coefficient 1s
reported out of the K, non-zero (NZ) coefficients that 1s
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reported using a bitmap, where KNZSKt}:_BXZLM_‘<2LM
and B is higher layer configured. The remaining 2LM-K .
coefficients that are not reported by the UE are assumed to
be zero. The following quantization scheme 1s used to
quantize/report the K,,, NZ coefficients.
The UE reports the following for the quantization of the
NZ coefficients in W,
A X-bit indicator for the strongest coefficient index (1%,
*), where Xz_log2 KNZ_‘ or |_10g2 oL 1.
Strongest coethicient ¢, ;. ~=1 (hence its amplitude/
phase are not reported)
Two antenna polarization-specific reference amplitudes 1s
used.
For the polarization associated with the strongest coef-
ficient ¢, . ~=1, since the reference amplitude
Py ;1):1,, it 1S not reported
For the other polarization, reference amplitude p,; '’ is
quantized to 4 bits
The 4-bit amphitude alphabet 1s

For {¢;, » (1, Dza*, 1)}

For each polarization, differential amplitudes p, ; f@) of
the coeflicients calculated relative to the associated
polarization-specific reference amplitude and quan-
tized to 3 bits
The 3-bit amplitude alphabet 1s

Note: The final quantized amplitude p,, . 1s given by

(1) (2)
Prir XPrir

Each phase 1s quantized to either 8PSK (N ,,=8) or
16PSK (N,,=16) (which is configurable).
For the polarization r*€{0,1} associated with the stron-

gest coefficient ¢, ;. ~, we have

and the reference amplitude p, ; f“):pEJJIEL For the other
polarization re {0,1} and r#r*, we have

. (l%J i 1) mod 2
(1)_

and the reference amplitude p,; - =p, "’ is quantized (re-
ported) using the 4-bit amplitude codebook mentioned
above.

A UE can be configured to report M FD basis vectors. In
one example,
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where R 1s higher-layer configured from {1,2} and p 1s
higher-layer configured from

(33}

In one example, the p value 1s higher-layer configured for
rank 1-2 CSI reporting. For rank >2 (e.g., rank 3-4), the p
value (denoted by v,) can be different. In one example, for
rank 1-4, (p,vy) 1s jointly configured from

(3G )G}

1.€.
M=[px |
- p){ R
for rank 1-2 and
N3
M= [ﬂ

for rank 3-4. In one example, N;=N_ . XR where N, 1s the
number of SBs for CQI reporting.

A UE can be configured to report M FD basis vectors in
one-step from N; basis vectors freely (independently) for
each layer le{0, 1, . . ., v—1} of a rank v CSI reporting.
Alternatively, a UE can be configured to report M FD basis
vectors 1n two-step as follows.

In step 1, an intermediate set (InS) comprising N;'<N4
basis vectors 1s selected/reported, wherein the InS 1s
common for all layers.

In step 2, for each layer 1 {0, 1,...,v-1l}ofarank v
CSIreporting, M FD basis vectors are selected/reported
freely (independently) from N;' basis vectors in the
InS.

In one example, one-step method 1s used when N;<19 and

two-step method 1s used when N,;>19. In one example,
M3'=|_OLM_‘ where a>1 1s either fixed (to 2 for example) or
confligurable.
The codebook parameters used in the DFT based fre-
quency domain compression (eq. 3) are (L, p, vq, B, &, N,,).
In one example, the set of values for these codebook
parameters are as follows.

L: the set of values 1s {2,4} 1n general, except Le {2,4,6}

for rank 1-2, 32 CSI-RS antenna ports, and R=1.

p for rank 1-2, and (p, v,) for rank 3-4:

L R INV(L Iy(L 1
pe b Nt e (L (L (5 )

p {1 1 3}
c<=, =, =
42 4

oe {1.5,2,2.5,3}

N, €18,16}.

In another example, the set of values for the codebook
parameters (L, p, v,, B, €. N ) are as follows: =2, Nph=16,
and
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L p=y, (RI=1-2) p=vy(RI=3-4) B Restriction (if any)
2 Va4 /g L
2 /4 /s A
4 /4 /8 Z
4 e /3 LA
4 Ve L4 1A
6 /4 — 2 Rl =1-2, 32 ports
4 /4 1/4 3/4
6 Y4 — 4 RI = 1-2, 32 ports

The above-mentioned framework (equation 5) represents
the precoding-matrices for multiple (N5) FD units using a
linear combination (double sum) over 2L SD beams and M
FD beams. This framework can also be used to represent the
precoding-matrices in time domain (TD) by replacing the
FD basis matrix W, with a TD basis matrix W, wherein the
columns of W, comprises M TD beams that represent some
form of delays or channel tap locations. Hence, a precoder
W' can be described as follows.

W=A,CB/ =W W, W/, (5A)

In one example, the M TD beams (representing delays or
channel tap locations) are selected from a set of Ny TD
beams, 1.e., N, corresponds to the maximum number of TD
units, where each TD unit corresponds to a delay or channel
tap location. In one example, a TD beam corresponds to a
single delay or channel tap location. In another example, a
TD beam corresponds to multiple delays or channel tap

locations. In another example, a TD beam corresponds to a
combination of multiple delays or channel tap locations.
The rest of the disclosure 1s applicable to both space-
frequency (equation J) and space-time (equation SA) frame-
works.
In general, for layer 1=0, 1, . . ., v—1, where v 1s the rank
value reported via RI, the pre-coder (cf. equation 5 and

equation 5A) includes the codebook components summa-
rized in Table 1.

TABLE 1

Codebook Components

Index Components Description

0 L, number of SD beams

1 M, number of FD/TD beams

2 {afjl-}f:,:.”_l set of SD beams comprising columns of A,

3 {b, f}#DM‘-’_l set of FD/TD beams comprising
columns of B,

4 X et bitmap indicating the indices of
the non-zero (NZ) coefficients

5 {pist amplitudes of NZ coetlicients indicated
via the bitmap

6 10,; ¢ phases of NZ coefficients indicated

via the bitmap

In one example, the number of SD beams 1s layer-
common, 1.e., L,=L for all 1 values. In one example, the set
of SD basis i1s layer-common, i.e., a, =a, for all 1 values. In
one example, the number of FD/TD beams 1s layer-pair-
common or layer-pair-independent, 1.e., M,=M,=M {for
layer pair (0, 1), M,=M,=M' for layer pair (2, 3), and M and
M' can have different values. In one example, the set of
FD/TD basis 1s layer-independent, 1.e., {b, .} can be different
for different 1 values. In one example, the bitmap 1s layer-
independent, ie., {J,;,;} can be different for different I
values. In one example, the SCI is layer-independent, i.e.,
{SCL} can be different for different 1 values. In one example,
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the amplitudes and phases are layer-independent, 1.e., {p;; +}
and {0,, -} can be different for different 1 values.

In one example, when the SD basis W, 1s a port selection,
then the candidate values for L. or L, include 1, and the
candidate values for the number of CSI-RS ports N ¢, o
include 2.

In embodiment A, for SD basis, the set of SD beams
{a,,;},.o""' comprising columns of A, is according to at least
one of the following alternatives. The SD basis 1s common
for the two antenna polarizations, 1.e., one SD basis 1s used
for both antenna polarizations.

In one alternative Alt A-1, the SD basis 1s analogous to the
W, component in Rel.15 Type II port selection codebook,
wherein the L, antenna ports or column vectors of A, are
selected by the index

Pesirs
0.1, ... —1
Q]. E{ n rl ?[ zd “ }

(this requires

Pesirs
os,| =522 |

bits), where

In one example, de {1,2,3,4}. To select columns of A,, the
port selection vectors are used. For instance, a=v,_, where
the quantity v_ 1s a P, »/2-element column vector con-
taining a value of 1 in element (mmod P, »</2) and zeros
elsewhere (where the first element 1s element 0). The port
selection matrix 1s then given by

X 0

Wl:Af:[o X

] where X = [vqld Vq1d+1 . vqla’—l—L!—l] :

In one alternative Alt A-2, the SD basis selects 1., antenna
ports freely, 1.e., the L, antenna ports per polarization or
column vectors of A, are selected freely by the index

Pesirs
g1 €0, 1, ... . % —1

L

(this requires

" Pesi-rs Y]
log, 2

L

bits). To select columns of A, the port selection vectors are
used. For instance, a=v,, where the quanfity v, 1s a
P ., rs/2-element column vector containing a value of 1 1n
element (m mod P, »</2) and zeros elsewhere (where the
first element 1s element 0). Let {Xq, X;, ..., X, _;} be indices
of selection vectors selected by the index q,. The port
selection matrix 1s then given by
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WlZAf:

X 0
0 X

where

X:[Vx{;. Vi o vILf_l ]

In one alternative Alt A-3, the SD basis selects L, DFT

beams from an oversampled DFT codebook, 1.e., a=v
where the quantity v, ; 1s given by

1

I:],I‘z’

2am(is—1
»” :{[1 ej‘;;% s 0(2’%2 )] Ny > 1
5
1 N> =
) Zﬂf] _2m’1 (N1 —1) T
Vii = [Hfz ¢ O1M 1U; ¢ OV 1,

In one example, this selection of L, DFT beams 1s from a
set of orthogonal DFT beams comprising N,N, two-dimen-
sional DFT beams.

In one alternative Alt A-4, the SD basis 1s fixed (hence,
not selected by the UE). For example, the SD basis includes
all

SD antenna ports for each antenna polarization (for a
dual-polarized antenna port layout at the gNB). Or, the SD
basis includes all =K., SD antenna ports (for a co-
polarized antenna port layout at the gNB). In one example,
K.,=2N;N,. In another example, K¢,<2N;N,. In one
example, the UE can be configured with K.,=2N,N, or
K.,<2N,;N,. In one example, K.,—S where S 1s fixed, e.g.,
1{4.8}. Note that K¢, 1s a number of CSI-RS ports in SD.
In embodiment AA, a variation of embodiment A, the SD
basis 1s selected independently for each of the two antenna

polarizations, according to at least one of Alt A-1 through
Alt A-4.

In embodiment B, for FD/TD basis, the set of FD/TD
beams {b, f}f:DM‘-’_ ' comprising columns of B, is according to
at least one of the following alternatives.

In one alternative Alt B-1, the FD/TD basis selection to
similar to Alt A-1, 1.e., the M, FD/TD units ports or column
vectors of B, are selected by the index

N3
7 E{O, Lo [—W— 1}
e

(this requires

Ehl

bits), where e<min(N,,M,). In one example, e {1,2,3,4}. To
select columns of B, the selection vectors are used. For

instance, b~=v_, where the quantity v_1is a Nj;-element col-
umn vector containing a value of 1 in element (z mod N;)
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and zeros elsewhere (where the first element 1s element 0).
The selection matrix 1s then given by

gre “goe+l * ¢

In one alternative Alt B-2, the FD/TD basis selects M,
FD/TD units freely, 1.e., the M, FD/TD units or column

vectors of B, are selected freely by the index

gre+Mp—11"

(this requires

o)

bits). To select columns of B, the selection vectors are used.
For instance, b~=v_, where the quantity v_1s a N;-element
column vector containing a value of 1 1n element (z mod Ny)
and zeros elsewhere (where the first element 1s element 0).
Let {Xq Xy, - - ., Xpr—1) be Indices of selection vectors
selected by the index q,. The selection matrix 1s then given

by

Wf:B;:[VxD Vg e VIMf—l ]

In one alternative Alt B-3, the FD/TD basis selects M,

DFT beams from an oversampled DFT codebook, 1.e., bfzwf,,
where the quantity w.is given by

- 2t 20f (N3 —1)
Yr=l1 dBM . ¢ O:M

In one example, this selection of M, DFT beams 1s from
a set of orthogonal DFT beams comprising N, DFT beams.

In one example, O,=1.

In one alternative Alt B-4, the FD/TD basis 1s fixed
(hence, not selected by the UE). For example, the FD/TD
basis includes all M=K,, FD antenna ports. In one
example, K,,=N,. In another example, K. ,<N,. In one
example, the UE can be configured with K,.,=N; or
K.,<N;. In one example, K., €S where S 1s fixed. Note
that K., 1s a number of CSI-RS ports in FD.

In one example, K¢ XK =P c;»c 1s a total number of
(beam-formed) CSI-RS ports.

In embodiment C, the SD and FD/TD bases are according
to at least one of the alternatives 1n Table 2.

TABLE 2

alternatives for SD and FD/TD bases

Alt SD basis FD/TD basis
C-0 Alt A-1 Alt B-1
C-1 Alt B-2
C-2 Alt B-3
C-3 Alt B-4
C4 Alt A-2 Alt B-1
C-5 Alt B-2
C-6 Alt B-3
C-7 Alt B-4
C-8 Alt A-3 Alt B-1
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TABLE 2-continued

alternatives for SD and FD/TD bases

Alt SD basis FD/TD basis
C-9 Alt B-2
C-10 Alt B-3
C-11 Alt B-4

As defined above, N; 1s a number of FD units for PMI
reporting and the PMI indicates N, precoding matrices, one
for each FD unit. An FD unit can also be referred to as a PMI
subband. Let te {0, 1, ..., N;—1} be an index to indicate an
FD unit. Note that PMI subband can be different from CQI
subband.

Let a parameter R indicate a number of PMI subbands in
each CQI subband. As explained in Section 5.2.2.2.5 of
|[REFS], this parameter controls the total number of precod-
ing matrices N, indicated by the PMI as a function of the
number of subbands 1n csi-ReportingBand (configured to the
UE for CSI reporting), the subband size (N »,;"7) configured
by the higher-level parameter subbandSize and of the total
number of PRBs 1n the bandwidth part according to Table
5.2.1.4-2 [REF8], as follows:

When R=1: One precoding matrix 1s indicated by the PMI

for each subband in csi-ReportingBand.

When R=2:

For each subband 1n csi-ReportingBand that 1s not the
first or last subband of a band-width part (BWP), two
precoding matrices are indicated by the PMI: the first
precoding matrix corresponds to the first N, .°%/2

PRBs of the subband and the second precoding

matrix corresponds to the last N, .°?/2 PRBs of the

subband.
For each subband 1n csi-ReportingBand that 1s the first
or last subband of a BWP

If

SB
Npprg
2 2

start 55
(N7 mod Nagg) =

one precoding matrix 1s indicated by the PMI
corresponding to the first subband. If

Ay
NPEB

2 !

start 5B
(Ngwjfmﬂd NPEB) <

two precoding matrices are indicated by the PMI
corresponding to the first subband: the first pre-
coding matrix corresponds to the first

N23
start 5B
—2 - (NB Wp,fmﬂd NPRB)

PRBs of the first subband and the second precod-
Ing matrix corresponds to the last

Nigg
2

PRBs of the first subband.
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If

SB
Nppp

2 k.

( sStart size

SB
Nywp.; +NBWP,:’)mGd Nppp <

one precoding matrix 1s indicated by the PMI
corresponding to the last subband. If

AYs]
NPHB‘
2 r

( Start size

SB
Nywp +NBWP,:’)de Nppg >

two precoding matrices are indicated by the PMI
corresponding to the last subband: the first pre-
coding matrix corresponds to the first

Npps
2

PRBs of the last subband and the second precod-
ing matrix corresponds to the last

5B
NPE'B

2

( Start Size

SB
Ngwp; + NBWRf)mGd Nppg —

PRBs of the last subband.
When R=N,,.>”: One precoding matrix is indicated by

the PMI for each PRB 1n csi-ReportingBand.
Here, Ny, p 7" and Nyy,p 7€ are a starting PRB index
and a total number of PRBs 1n the BWP 1.

In one example, R is fixed, e.g., R=2 or R=N,,,."”". In one
example, R is configured, e.g., from {1,2} or {1,2,N,..>"
or {2, N..""}. When R is configured, it is configured via
a higher-layer parameter, e.g., numberOfPMISubbandsPer-
CQISubband.

Let Prg/ps sp and Prgpq pp be @ number of CSI-RS ports
in SD and FD, respectively. The total number of CSI-RS
ports 1S Pg,ps soXPsirs rn=P csirs: Each CSI-RS port can
be beam-formed/pre-coded using a pre-coding/beam-form-
ing vector in SD or FD or both SD and FD. The pre-coding/
beam-forming vector for each CSI-RS port can be derived
based on UL channel estimation via SRS, assuming (partial)
reciprocity between DL and UL channels. Since CSI-RS
ports can be beam-formed 1n SD as well as FD, the Rel.
15/16 Type II port selection codebook can be extended to
perform port selection 1n both SD and FD followed by linear
combination of the selected ports. In the rest of the disclo-
sure, some details pertaining to the CSI-RS configuration
(beamforming, port numbering, number of CSIRS resources
etc.) for this extension are provided.

In embodiment 1, a UE 1s configured with higher layer
parameter codebookType set to ° typell-PortSelection-rl17/’
for CSI reporting based on a new (Rel. 17) Type II port
selection codebook 1n which the port selection (which 1s in
SD) 1n Rel. 15/16 Type II port selection codebook 1s
extended to FD 1n addition to SD. The UE 1s also configured
with P ¢;»c CSI-RS ports (either in one CSI-RS resource or
distributed across more than one CSI-RS resources) linked
with the CSI reporting based on this new Type II port
selection codebook. In one example, P,¢,»=Q. In another
example, P-c,»=Q. In another example, P,¢;».<Q. Here,
Q=P ;x5 soXPcsirs #p- The UE measures P, (or at least
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Q) beam formed CSI-RS ports, estimates (beam-formed) DL
channel, and determines a precoding matrix for each FD unit
te {0, 1, ..., N;—1}.

The valuve of (P x5 sn/Pcsirs p) 18 determined accord-
ing to at least one of the following examples. In one
example, (Prgrs 5o Posirs 7n)=(2L, M). In one example,

(Pesirs.so/Pesirs. rp)=(21, N3). In one example, (P gz sps
Posirs rp)=(U, N3) where U>2L. In one example,

(Pesirs.sp» Pesirs pp)=(U, N3) where U>2L. In one
example, (Pqrs sp Posirs 7p)=(2L, V) where N;>V>M. In
one example, (Prgrssp Pesirs rn)=(U, V) where U>2L
and N,>V>M.

Note that Q 1s a number of (SD only or SD-FD) beam-
forming basis vectors or bases conveyed via P, CSI-RS
ports. When P, ,.=Q, there 1s one-to-one mapping
between the beamforming bases and CSI-RS ports, 1.e., each
CSI-RS port 1s beam-formed using one beamforming basis
vector. When Q2P ., a CSI-RS port conveys more than
one beamforming basis vector, 1.e., each CSI-RS port 1s
beam-formed using more than one beamforming basis vec-
tors. For example, when P ~g;z¢ sp=P csirs a0d P c5jr5 7p=05
then Q=P srs.spXPesirs rp=0OF csirs: and each CSI-RS
port conveys O, beamforming basis vectors, and hence 1s
beam-formed using O, beamforming basis vectors. In one
example, O, 1s fixed, e.g., O=2. In one example, O, 1S
configured from a set of supported values, e.g., {1,2} or
11,24} or {1,2,3} or {1,M}. In one example, the set of
supported values 1s reported by the UE as part of the UE
capability reporting. In one example, O~=1 1s mandatory for
all UEs supporting the proposed codebook 1n embodiment 1.
The support of any additional value (e.g., O,=2) or multiple
values 1s subject to a separate UE capability signaling.

The value of (Prgzs. Op) 1s determined according to at
least one of the following examples. In one example,
(Pesirs: Op=(C2L, M). In one example, (P grs. OJ=(2L,
N;). In one example, (P g5, Op)=(U, M) where U>2L. In
one example, (P g/zs» Op=(U, N3) where U>2L. In one
example, (Pcgrs, Op=(2L, V) where N;>V>M. In one
example, (Pcgrs. Op=(U, V) where U>2L and N;>V>M.

In these examples, 1., M, and N, are determined/config-
ured (as explained above), and one or both of U and V are
either fixed or configured. The parameters U and V deter-
mines intermediate sets of SD and FD ports, respectively. If
U>2L, the UE performs SD port selection (21 out of U or L

out of

U
>

using the intermediate set of SD ports and reports the
selected SD ports (as part of the CSI report). Likewise, 1f
V>M, UE performs FD port selection (M out of V) using the
intermediate set of FD ports and reports the selected FD
ports (as part of the CSI report).

In one example, the first

Pcsirs
2

antenna ports,
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corresponds to the first antenna polarization and the last

Pcsirs
?

antenna ports.

Pcsirs
2

Pesirs
?

X+ s X T —I-l,...,.x—I-PCSmS—l,

corresponds to the second antenna polarization. In one
example, x=3000.

Assuming Q=P qrs spXPcrsirs rp OF PesirsXQOp a pre-
coding/beam-forming vector to obtain a pre-coder/beam-
formed CSI-RS port can be determined as follows.

Let g=[q, 4, - - - 9r.] be a NXI pre-coding/beam-forming
vector for SD, where N 1s a number of antennae used

to obtain a beam-formed/pre-coded CSI-RS port in SD.
In one example q=V,, ® 0, Where 1€ {0, 1, .
N,N,—1} 1s a DFT vector corresponding to a two-
dlmensmnal antenna layout with N, and N, antennae 1n
first and second dimensions, respectively [(ci.
5.2.2.2.3, REFS]. In one example, q 1s an eigenvector
of the UL channel (in SD by averaging over FD)
estimated by the gNB using SRS. Note that: g 1s
determined by gNB (hence, it 1s unknown or transpar-
ent to the UE)

Letr=[r,r1, . ] be a N,x1 pre-codmgfbeam-formmg
Vector for FD in one example r=y,,”, hence, r=[Yyo, e
Vi, Y1 ) where fe {0, 1, ..., N;—1} isa DFT
Vector In one example, r 1s an elgenvector of the UL
channel (in FD by averaging over SD) estimated by the
gNB using SRS. Note that: r 1s determined by gNB
(hence, i1t 1s unknown or transparent to the UE).

In FD unit t={0, 1, , N;—1}, a pre-coding/beam-
forming vector 1s then given by s=qxr, Note that s 1s
common (the same) for both antenna polarizations. In
one example, s=w, f“ﬁ:v i, OXY, . Note that from
one FD unit to another, the beam-formlng/pre-codmg
vector for a given port changes since r, changes.

The numbering (or mapping) of a CSI-RS port x+j, where
1€10, 1, . . ., Prgn—11} and x=3000, to (SD, FD) port pair
(1, 1), where 1€{0, 1, . . ., Prgrssp—1} and t€ {0, 1, . . .,
P sirs rp—11, or to the SD-FD beam-forming vector indices
(1,f) where 1€{0, 1, .. ., Pc;nc—1}and te {0, 1, . . ., O~1}
1s according to at least one of the following alternatives
(Alt) The UE uses the port numbering to determine a 2L.xM
coefficient matrix W, (cf. equation S/SA)

In one alternative Alt 1.1, assuming all P,¢;psc CSI-RS
ports can be measured within each PRB of the configured

BWP for CSI-RS measurement, the mapping of CSI-RS port
1 to the index pair (1, 1) 1s the following order SD—FD, 1.e.,
first 1n SD then in FD. One example i1s given by the
following.

For the first antenna polarization

P
(je{(}, ], ... —=% —1}],
2
ports
P
j _ 0, 1? L CSIRS, 8D _1

2



j=

[ =

31

map 1o
P
; 0, 1? L CSIRS. 8D _1
2
and =0, ports

Pesirs sp Pesirs.sp

= , +1, ..., P -1
J 5 2 CSIRS. SD
map 1o

P

i=0,1,..., mfﬁﬂ -1

US 11,888,562 B2
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and f=1, and so on. Mathematically, this is equivalent 20

+ Pesirs sp — 1

to
P 2 2(i—1i
i = j mod CSIRS.SD a,ndf:[ ] J: (U ).
2 Pcsirs sp Pcsirs.sp
For the second antenna polarization
_ Pesirs  Pesirs
(f { 2 . 2 +1:"- :PCSIRS_l}]:
ports
. Pcsmrs Pesigs Pesirs Pesirs sp
j= , +1, ..., + — 1
2 2 2 2
map 1o
Pesirssp Pesirs.sp
[ = : +1, ..., Pcsirssp — 1
2 ?
and =0, ports
Pesmms Pesirssp Pesirs  Pesirssp
+ : + + 1,
2 2 2 2
Pcsirs
T
map to
Pcsirs sp Pesirs.sp
[ = 5y 5 +1, ..., Pcsirssp — 1

and f=1, and so on. Mathematically, this 1s equivalent to

Pesirs.sp
2

Pesirs sp . ( . Pesirs
2 /7T

] mod and f =
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-continued
2( - P C‘SIRS) 2(( . Pcsirs ) - (f - Pesirs s ))
> )| > >
Pcesirs.sp Pesirs s |

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1, 1), where1€ {0, 1,...,P ¢n—1}and fe{0, 1, ..., O~1},
the mapping of CSI-RS port j to the index pair (1, f) 1s the
same as 1n Alt 1.1 except that the notation P g;ns ¢p and
P csirs.rp are replaced with P ;¢ and O, respectively.

In one alternative Alt 1.1a, assuming all P, CSI-RS
ports can be measured within each PRB of the configured
BWP for CSI-RS measurement, the mapping of CSI-RS port
1 to the index pair (1, 1) 1s the following order SD—FD, 1.e.,
first in SD then 1n FD. One example 1s given by the
following.

Ports =0, 1, . . ., Prgmrssp—1 map to 1=0, 1, . . .,
Pcsirssp—1 and 1=0, ports _jzpcsms,s.oa Pcsirs.sot
1, ..., 2Pcgrssp—1l map to 1=0, 1, . . ., Py 51
and 1=1, and so on. Mathematically, this 1s equivalent
to 1=) mod P grs sp and

j—i
Pesirs sp

J
o
Pesirs.sp

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1, 1), where1€{0, 1, ..., P ¢n—1}and fe{0, 1, .. ., Of—l},
the mapping of CSI-RS port j to the index pair (1, 1) 1s the
same as in Alt 1.1a except that the notation P g;r¢ ¢ and
P qrs rp are replaced with Pg,»¢ and O, respectively.

In one alternative Alt 1.2, assuming all P,¢ne CSI-RS
ports can be measured within each PRB of the configured
BWP for CSI-RS measurement, the mapping of CSI-RS port
1 to the index pair (1, 1) 1s the following order FD—SD, 1.e.,
first 1n FD then in SD. One example 1s given by the
following.

For the first antenna polarization

(je {0,, L. PC;‘TRS - 1}]

ports j=0, 1, . » Pegrs pp—1 map to 1=0 and
=0, 1, . . . ., Pesrsrp—l1, ports jng'SfRS,FDa
Pesims rotls -« o o s 2Pogrs pp—1 map to 1=1 and
=0, 1, . . ., Pegrs rp—1, and so on. Mathematically,

this 1s equivalent to f=) mod P qzs z» and

j=7

|. ; J
[ = = .
Pesirs. Fp Pesmrs.Fp

For the second antenna polarization

( . {P csirs  Pesirs
je

+1, ..., P -1
) . 3 . » 4 CNIRS }]:
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ports

. Pcsigs Pesirs Pcsirs
= T +1, ..., 5 + Pesirs rp — 1
map 1o
. Pesirs sp
B 2
ﬂﬂd f=05 1, s+ o+ PCSIRS,FD_I’ pOI'tS
. Pcsirs Pcsirs
J=" + Pcsirs FD 5 + Pesirs.rp + 1,
Pesirs
- T +2Pcsirs Fp — 1
map to
. Pcsirs sp
[ = +1
i
and 1=0, 1, . . ., Prgrgpp—1, and so on. Mathemati-
cally, this 1s equivalent to
. Pcsirs .
/= (J B ) mod Pcsirs.rp and i =
 Pcsirs (._PCEIRE)_f
Pcsiessp |/ 2 | Pesmssp . / 2
2 - Pcsirs Fp 2 Pcsirs. Fp

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices

(1, 1), where1€{0, 1, ..., Prqr—1}and te {0, 1, ..., O-—l1},
the mapping of CSI-RS port j to the index pair (1, 1) 1s the
same as in Alt 1.2 except that the notation P ;x5 ¢p and
P csirs.Fp are replaced with P, and O, respectively.

In one alternative Alt 1.2a, assuming all P-¢,»c CSI-RS
ports can be measured within each PRB of the configured
BWP for CSI-RS measurement, the mapping of CSI-RS port
1 to the index pair (1, 1) 1s the following order FD—SD, 1.e.,
first 1n FD then in SD. One example 1s given by the

following.

Ports j=0, 1, . . . , Prgrs rp—1 map to 1=0 and =0,
L, . . Pegrsrp=l, ports J=Pcsirs rp-
Pesims rotls - - o 5 2Pegrs pp—1 map to 1=1 and
=0, 1, . . ., Pogyrs rp—1, and so on. Mathematically,

this 1s equivalent to f=] mod P q;ps »p and

j= 1

|. j J
[ = = .
Pesms Fp Pesirs Fp

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1, 1), where1€{0, 1, ..., P el }and te {0, 1, ..., O-—l1},
the mapping of CSI-RS port j to the index pair (1, 1) 1s the
same as in Alt 1.2a except that the notation P g;r¢ ¢p and
Pcsirs rp are replaced with Pgx¢ and O respectively.

FIG. 14 1llustrates an example mapping of CSI-RS ports
to index pairs 1400 according to embodiments of the present
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disclosure. The embodiment of the mapping of CSI-RS ports
to index pairs 1400 1llustrated 1n FIG. 14 1s for 1llustration
only. FIG. 14 does not limit the scope of this disclosure to
any particular implementation of the mapping of CSI-RS
ports to index pairs 1400.

In one alternative Alt 1.3, 1t 1s assumed that all P,/

CSI-RS ports can be measured across multiple PRBs (not
within each PRB as 1n Alt 1.1/1.1a/1.2/1.2a), but the mul-
tiple PRBs are within each FD unit of the configured BWP
for CSI-RS measurement. The mapping of CSI-RS port | to
the index pair (1, 1) 1s the following order SD—FD, 1.e., first
1in SD then 1n FD across multiple PRBs. One of the following
examples 1s used as illustrated in FIG. 14,

In one example Ex 1.3.1, ports j=0, 1, . . ., Prgrssn—1
in the first PRB (index g=0) map to 1=0, 1, . . .,
Pogirs sp—1 and 1=0, ports j=0, 1, . . . , Prgrssp—1 10
the second PRB (index g=1) map to 1=0, 1, . . .,
P srs sp—1 and f=1, and so on. Mathematically, this is
equivalent to 1=) and f=g. This example requires that
the number of PRBs 1n a FD unit equals M.

In one example Ex 1.3.2, it 1s assumed that the number of
PRBs 1n a FD unit exceeds (or 1s greater than) M. The
number of PRBs 1in a FD unit 1s partitioned into M
segments where each segment comprises one or more
than consecutive PRBs. The ports =0, 1, . . . ,
P rs so—1 1n all PRBs of the first segment (index s=0)
map to 1=0, 1, . . ., Prgrssp—1 and t=0, ports j=0,
1, ..., Pegrs sp—1 1n all PRBs of the second segment
(index s=1) map to 1=0, 1, . . ., Prgrs sp—1 and =1,
and so on. Mathematically, this 1s equivalent to 1=) and
f=s. Note that the first segment (index s=0) includes
PRBs (g=0 to g=y,), the second segment (index s=1)
includes PRBs (g=y,+1 to g=y,), and so on.

In one example Ex 1.3.3, the number of PRBs 1n a CSI
reporting band 1s partitioned into M segments with each
segment s comprising all PRB indices s+dxXM, where

s=0,1,...,M-1and d=0, 1, ..., X-1, and
X2 T o[22 or | 222

and Nypp 1s a total number of PRBs 1n the CSI
reporting band. The ports j=0, 1, ..., Prgrs sp—1 1n all
PRBs of the first segment (index s=0) map to 1=0,
1, . .., Pegrssp—1 and t=0, ports j=0, 1, . . .,
P sms so—1 1n all PRBs of the second segment (index
s=1) map to 1=0, 1, . . ., Prgrs sp—1 and =1, and so
on. Note that when M=2, there are two segments, one
comprising even-numbered PRB indices 0, 2, 4, . . .,
and another comprising odd-numbered PRB indices 1,
3,5, ....

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1,1), where1€{0, 1,...,Prgrs—1}andte{0,1,...,0-~1},
the mapping of CSI-RS port j to the index pair (1, f) 1s the
same as in Alt 1.3 except that the notation P ;x5 ¢p and
Pcsirs.rp are replaced with Pg;»¢ and O, respectively.

In one alternative Alt 1.4, it 1s assumed that all P ¢/
CSI-RS ports can be measured via (across) multiple CSI-RS
resources (not within a single CSI-RS resource as in Alt
1.1/1.1a/1.2/1.2a), but the multiple CSI-RS resources are
measured within each PRB of the configured BWP for
CSI-RS measurement. The mapping of CSI-RS port | to the
index pair (1, 1) 1s the following order SD—FD, 1.e., first 1n
SD then in FD across multiple CSI-RS resources. One
example 1s given by the following.
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Ports j=0, 1, . . ., Prgrs sp—1 1n the first CSI-RS resource
(index h=0) map to 1=0, 1, . . ., Pgrs sp—1 and =0,
ports j=0, 1, . . ., Prgrs sp—1 1n the second CSI-RS

resource (Index h=1) map to 1=0, 1, . . ., Prgrssp—1
and =1, and so on. Mathematically, this 1s equivalent
to 1=] and {=h.

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1,1), where 1€ {0, 1, ..., Prgrs—1}and te {0, 1, ..., O~1},
the mapping of CSI-RS port j to the index pair (1, 1) 1s the
same as in Alt 1.4 except that the notation P g, ¢, and
Pcsirs.rp are replaced with Pg;»¢ and O respectively.

In one alternative Alt 1.5, 1t 1s assumed that all P,¢;c
CSI-RS ports can be measured via (across) multiple time

slots/instances (not within a single time slot/instance as in
Alt 1.1/1.1a/1.2/1.2a), but all P,;»c CSI-RS ports are mea-
sured within each PRB of the configured BWP for CSI-RS

measurement. The mapping of CSI-RS port j to the index
pair (1, 1) 1s the following order SD—FD, 1.e., first in SD then
in FD across multiple time slots. One example 1s given by
the following.

Ports j=0, 1, . . ., Prgmrs sp—1 1n the first time slot (index
k=0) mapto1=0, 1, ..., P grs sp—1 and £=0, ports j=0,
l,....,Pecgrssp—1 1n the second time slot (index k=1)
map to 1=0, 1, . . ., Prgrssp—1 and t=1, and so on.
Mathematically, this 1s equivalent to 1=) and f=k.

In a varniation, multiple time slots/instances correspond to

a multi-shot transmission of a single CSI-RS resource 1n

multiple time slots (which can be consecutive or separated
in time, but their locations are known/configured to the UE).
Alternatively, multiple time slots/instances correspond to
one-shot transmissions of multiple CSI-RS resources that
are separated 1n time.

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1, 1), where1€{0, 1, ..., Prgrs—1}and te {0, 1, ..., O~1},
the mapping of CSI-RS port j to the index pair (1, f) 1s the
same as in Alt 1.5 except that the notation P g,.s ¢, and
Pcsirs.rp are replaced with Pg;»¢ and O, respectively.

In one alternative Alt 1.6, it 1s assumed that all P <
CSI-RS ports can be measured across multiple PRBs and
multiple CSI-RS resources (not within each PRB and a
single CSI-RS resource as 1n Alt 1.1/1.1a/1.2/1.2a), but the
multiple PRBs and multiple CSI-RS resources are within
each FD unit of the configured BWP for CSI-RS measure-
ment. For example, the P q;zs zp FD ports can be divided
into T parts, each with P,gpsrp = ports, ie.
Pcsirs rp=Pcsms rp. X, where T is the number of CSI-RS
resources, and P g5 zp' " is the number of FD ports asso-
ciated with each CSI-RS resource. For each CSI resource,
the UE measures P grs spPcesirs o’ ports according to
Alt 1.3, and measure ports for T such CSI-RS resources
according to Alt 1.4.

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1,1), where1€{0, 1, ..., Prgrs—1}and te {0, 1,...,0~1},
the mapping of CSI-RS port j to the index pair (1, 1) 1s the
same as 1n Alt 1.6 except that the notation P ;x5 ¢p and
Posirsep  are replaced with P, .c and OV, respectively,
where
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In one alternative Alt 1.7, 1t 1s assumed that all P ¢/
CSI-RS ports can be measured across multiple PRBs and
multiple time slots (not within each PRB and a single time
slot as 1n Alt 1.1/1.1a/1.2/1.2a), but the multiple PRBs are

within each FD unit of the configured BWP for CSI-RS
measurement. For example, the P g;»s »p FD ports can be
divided into T parts, each with P grsp'~’ ports, ie.,
P sirs rp=Pcsrs rp XU, where U is the number of time
slots, and P g5 g~ is the number of FD ports associated
with each time slot. For each time slot, the UE measures
P sirs spPcsirs rp. - Ports according to Alt 1.3, and mea-
sure ports for U such time slots according to Alt 1.5.

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1,1), where1€{0, 1,...,Prgrs—1}andte{0,1,...,0-~1},
the mapping of CSI-RS port j to the index pair (1, f) 1s the
same as in Alt 1.7 except that the notation P ;x5 ¢p and

Posirs .~ are replaced with P gz and Of“), respectively,
where
O
I _ Zf
Oy = —

In one alternative Alt 1.8, i1t 1s assumed that all P,¢/»
CSI-RS ports can be measured via (across) multiple CSI-RS
resources and multiple time slots (not within a single CSI-
RS resource and a single time slot/instance as 1in Alt 1.1/
1.1a/1.2/1.2a), but the multiple CSI-RS resources are mea-
sured within each PRB of the configured BWP for CSI-RS
measurement. For example, the P,z 7 FD ports can be
divided into TU parts, each with Prgrsrp' Pesirsrp
ports 1.e., PCSIRS,FszCSIRS,FD(])PCSIRS,FD(Z)XTUﬂ where T
1s the number of CSI-RS resources, U 1s the number of time
slots, Pegrs 7p' Pesirs rp - 1 the number of FD ports
assoclated with each CSI-RS resource and each time slot,
and P grs mp  is the number of FD ports associated with
each CSI-RS resource. For each CSI resource and for each
time slot, the UE measures P s spPcsirs 7o Pesirs rp.
ports according to Alt 1.1/1/1a/1/2/1/2a, and measure ports
for TU such combinations of CSI-RS resources and time
slots.

Likewise, for the case when the mapping 1s between
CSI-RS ports and the SD-FD beam-forming vector indices
(1, 1), where1€{0, 1, ..., P ¢n—1}and fe{0, 1, .. ., Of—l},
the mapping of CSI-RS port j to the index pair (1, 1) 1s the
same as in Alt 1.8 except that the notation P qpq ¢p-
PCSIRS,FD(I) and PCSIRS,FD(Z) are replaced with P g/zs. Of(])ﬂ

and Of@', respectively, where

Oy

@,
L _ f
O =

2
and O( ) = ?

In one alternative Alt 1.9, it 1s assumed that all P, ¢
CSI-RS ports can be measured via (across) multiple PRBs,
multiple CSI-RS resources, and multiple time slots (not
within each PRB, a single CSI-RS resource, and a single
time slot/instance as 1 Alt 1.1/1.1a/1.2/1.2a), but the mul-
tiple CSI-RS resources are measured within each PRB of the
configured BWP for CSI-RS measurement.

In some of the above alternatives, when the number of
CSI-RS resources 1s more than one, at least one of the
following examples 1s used for CRI reporting. In one
example, the number of CSI-RS resources equals M, hence
all CSI-RS resources are used to construct W,, and CRI is
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not reported. In another example, the number of CSI-RS
resources exceeds (or 1s greater than) M, hence M CSI-RS
resources are selected by the UE, and the selected CSI-RS
resources are reported as part of the CSI report, for example,
using a single CRI indicating the selected CSI-RS resources

or using multiple CRIs (e.g., 1 CRI for 1 selected CSI-RS
resource).

In some of the above alternatives, when the number of
time slots 1s more than one, at least one of the following
examples 1s used for an indicator (SI) indicating the selected
fime slots. In one example, the number of time slots equals
M, hence CSI-RS ports measured 1n all time slots are used
to construct W, and SI is not reported. In another example,
the number of time slots exceeds (or 1s greater than) M,
hence M time slots are selected by the UE, and the selected
time slots are reported as part of the CSI report, for example,
using a single indicator (e.g., slot indicator SI) indicating the
selected time slots or using multiple indicators (e.g., 1 SI for
1 selected time slot).

In one example, only one of the above alternatives for port
numbering or the mapping between CSI-RS ports and the
SD-FD beam-forming vector indices 1s used (hence fixed),
for example, Alt 1.1 1s used. In another example, more than
one of the above alternatives for port numbering or the
mapping between CSI-RS ports and the SD-FD beam-
forming vector indices can be used, and one them 1s con-
figured (for example, via higher layer RRC signaling).

In some of the above alternatives, when the number of
CSI-RS resources 1s more than one, at least one of the
following examples 1s used regarding the band-widths BWs
of the CSI-RS resources. Let B, be the BW of the 1-th
CSI-RS resource. In one example, the BWs of all CSI-RS
resources are the same, 1.e., B=B for all 1, and they are
within the CSI reporting band, 1.e., B 1s a subset of the CSI
reporting band. In another example, two of the multiple
CSI-RS resources (1 and j) can have different BWs, 1.e.,
B#B, for some 1 and j, but they are within the CSI reporting
band, 1.e., B, and B; are subsets of the CSI reporting band. In
another example, when the number of CSI-RS resources
equals two, one resource occupies even numbered PRBs of
the CSI reporting band and another occupies odd numbered
PRBs of the CSI reporting band, and each of the two CSI-RS

resources has

Pcsirs
2

CSI-RS ports. In another example, when the number of

CSI-RS resources equals two, one resource occupies one
half of the total PRBs of the CSI reporting band and another

occupies odd another half of the total PRBs of the CSI
reporting band, and each of the two CSI-RS resources has

Pcsirs
2

CSI-RS ports.

In another example, when the number of CSI-RS
resources equals O21, each resource occupies (transmitted
in) a segment (portion) of the CSI reporting band comprising
N,»» PRBs. In one example, the details about the segments
1s as explained in Example 1.3.3. In one example, each of O,
CSI-RS resources has the same number of CSI-RS ports. In
one example, the number of CSI-RS ports can be different
across CSI-RS resources.
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In embodiment 2, a UE 1s configured with one or multiple
CSI-RS resources satisfying some constraints or restrictions
when configured for the purpose CSI reporting as explained
in embodiment 1. At least one of the following alternatives
1s used as constraint or restriction.

In one alternative Alt 2.1, the restriction 1s on the number
of CSI-RS ports P,¢;»c. Note that the number of CSI-RS
ports P, c,nc €5,={4,8,12,16,24.32} in Rel. 15/16 NR. At
least one of the following examples 1s used.

In one example Ex 2.1.1, P¢;pc €S,={4.,8,12,16,24,32}.

[n one example Ex 2.1.2, P¢,»c €S, where S, 1s a union

of {4,8,12,16,24,32} and a set of additional values T.

In one example, T includes values less than 32. For
example, T={20,28}, hence S,={4,8,12,16,20,24,28,
32}.

In one example, T includes values greater than 32. For
example, T={36,40}, hence S,={4.,8,12,16,24,32,36,
401.

In one example, T includes values less than 32 or
greater than 32. For example, T={20,28,36.,40},
hence S,={4,8,12,16,20,24,28,32,36,40}.

In one example Ex 2.1.3, P¢;»c €S where S; 1s a subset

of {4,8,12,16,24,32}.

In one example, S$;={8,12,16,24,32}.

In one example, S; 1s determined such that P ,».=aX
21.LM, where a 1s a positive integer. For example, a=1
or ac {1,2}. Or, the value a may depend on the value
of (L, M) or 2LLM.

In one example, S; 1s determined such that

1
Pesirs = — X2LM,
a

where a 1s a positive integer. For example, a=1 or ac {1,2}.
Or, the value a may depend on the value of (L., M) or 2LLM.

In one alternative Alt 2.2, the restriction i1s on the density
d (defined as a number of REs per PRB per CSI-RS port) of
CSI-RS ports P,¢;c. Note that the density de {0,5,1,3} 1n
Rel. 15/16 NR. At least one of the following examples 1s
used.

In one example Ex 2.2.0, the density 1s restricted to

d=0.25 only.

In one example Ex 2.2.1, the density 1s restricted to d=0.3
only.

In one example Ex 2.2.2, the density 1s restricted to d=1
only.

In one example Ex 2.2.3, the density 1s restricted to d=1
or d=0.5 based on a fixed condition. At least one of the
following examples 1s used for the fixed condition.
In one example, d=1 when P, ¢;»<<p and d=0.5 when
P .;»c>p. For example, p=8 or 16.

In one example, d=1 when 2LLM<q and d=0.5 when
21.M>q. For example, g=8 or 16.

In one example, d=1 when 1.=2 and d=0.5 when L.=4.

In one example Ex 2.2.4, the density 1s restricted to X/O;
where x=1 or 0.5, and O1s according to some embodi-
ments of this disclosure.

In one example Ex 2.2.5, the density 1s restricted to d=1
or d=x/0Of based on a fixed condition, where x=1 or (.5,
and O, 1s according to some embodiments of this
disclosure. At least one of the following examples 1s
used for the fixed condition.

In one example, d=1 when P 5;zs<p and d=x/O, when
P c;»>p. For example, p=8 or 16.
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In one example, d=1 when 2LLM<q and d=x/O, when
2L.M>q. For example, q=8 or 16.

In one example, d=1 when L=2 and d=x/O, when L.=4.
In one example, the density d 1s configured from a set of
supported values, e.g., {X, x/O}. In one example, the set of
supported values 1s reported by the UE as part of the UE
capability reporting. In one example, d=x 1s mandatory for
all UEs supporting the proposed codebook 1n embodiment 1.
The support of any additional value (e.g.,

X
d=—)
Of

or multiple values 1s subject to a separate UE capability
signaling.

In one alternative Alt 2.3, the restriction 1s on the set of
supported combination for parameters such as P ¢;»c, L, P,
and P. At least one of the following examples is used.

In one example Ex 2.3.1, the restriction 1s on the set of
supported combination for parameters (P, ;5. L, p,)
for rank 1-2 only (ve{1,2}). An example of the value
for (L., p,) 1s shown 1n Table 3. The set of supported
combination for parameters (P, L, p,) for rank 1-2
includes (P¢»q L, p,) such that 2LLM <P .5, (L, p.)
1s according to Table 3 and P,¢,r.€S,=14.,8,12,16,24,
32}.

TABLE 3
Py
paramCombination-rl7 L ve {l, 2}
1 2 18
2 2 1/4
3 l 1/4
4 4 LA

In one example Ex 2.3.2, the restriction 1s on the set of
supported combination for parameters (P-¢;»c, L, P., )
for rank 1-2 only (ve{1,2}). An example of the value
for (L, p,., B) is shown in Table 4. The set of supported
combination for parameters (P ¢ .. L, p., B) for rank
1-2 includes (P ~¢;»<, L., p.) such that 2LLM <P .., (L,
P ) 1s according to Table 4 and P,,r. € S,={4.8,12,
16,24,32}, and the UE reports at most K= B2LM, |

nonzero coeificients (of W,) for layer I=1, ..., v.

TABLE 4

P,
ve {l,2} B

174
L4
L4
L
L/a
%)

-

paramCombination-r17

/4
/2
4
e
3/4
)

O e Lo D e
L S S S R

In Ex 2.3.3, the restriction 1s on the set of supported
combination for parameters (P-¢,»c L, p.. B) for rank
1-4 (ve{1,2,3,4}). An example of the value for (L, p..
B) is shown in Table 5. The set of supported combina-
tion for parameters (P,¢»c, L, p., B) for rank 1-4
includes (P-¢/»q L, p,) such that 2L.LM <P /5., (L, p.)
1s according to Table 5 and P, € S5,={4.8,12,16,24,
32}, and the UE reports at most K = BZLMI_‘ NONZero

coefficients (of W) for layer 1=1, . . ., v.
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TABLE 5

p‘l..l'

-

ve {1,2} ve {3, 4} P

/8
s
/3
1/
L
L

paramCombination-r17

1/4
L4
/4
/4
L4
LA

L4
L
/4
g
34
L

N e Lo DD
R . I S GV g

In one alternative Alt 2.4, the restriction 1s on the time
domain configuration. At least one of the {following
examples 1s used.

In one example Ex 2.4.1, when there 1s only one CSI-RS
resource, the CSI-RS resource 1s aperiodic (triggered
via DCI).

In one example Ex 2.4.2, when there 1s only one CSI-RS
resource, the CSI-RS resource 1s semi-persistent (SP)
(activated/deactivated via MAC CE activation/deacti-
vation command). In one example, the SP CSI-RS
transmission corresponds to a multi-shot transmission
with a number of transmission instances (time slots)
equal to M or a multiple of M.

In one example Ex 2.4.3, when there 1s only one CSI-RS
resource, the CSI-RS resource 1s aperiodic (triggered
via DCI) or semi-persistent (activated/deactivated via
MAC CE activation/deactivation command) based on a
fixed condition. At least one of the following examples
1s used for the fixed condition.

In one example, the CSI-RS resource 1s aperiodic when
P <;»<<p and the CSI-RS resource 1s semi-persistent
when P.,».>p. For example, p=8 or 16.

In one example, the CSI-RS resource 1s aperiodic when
21.M<q and the CSI-RS resource 1s semi-persistent
when 21.M>q. For example, q=8 or 16.

In one example, the CSI-RS resource 1s aperiodic when
I.=2 and the CSI-RS resource 1s semi-persistent
when L=4.

In one example Ex 2.4.4, when there are multiple CSI-RS
resources, the CSI-RS resources are all aperiodic (triggered
via DCI), but they are transmitted in different time slots (1.e.,
1 CSI-RS resource 1s transmitted 1n each time slot).

In one example Ex 2.4.5, when there are multiple CSI-RS
resources, the CSI-RS resources are all aperiodic (triggered
via DCI), and up to Z CSI-RS resources can be transmitted
in the same time slot. If there are more than Z CSI-RS
resources, then some of them are transmitted in different
time slots (1.e., up to Z CSI-RS resources can be transmitted
in each time slot). In one example, Z=2.

Any of the above variation embodiments can be utilized
independently or in combination with at least one other
variation embodiment.

FIG. 15 1llustrates a flow chart of a method 1500 for
operating a user equipment (UE), as may be performed by
a UE such as UE 116, according to embodiments of the
present disclosure. The embodiment of the method 1500
1llustrated 1n FIG. 15 1s for 1llustration only. FIG. 15 does not
limit the scope of this disclosure to any particular 1mple-

mentation.
As 1llustrated 1n FIG. 15, the method 1500 begins at step

1502. In step 1502, the UE (e.g., 111-116 as 1illustrated in
FIG. 1) receives configuration information for at least one
channel state i1nformation reference signal (CSI-RS)
resource that comprises P c¢;nc CSI-RS ports.
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In step 1504, the UE receives configuration information
for channel state information (CSI) feedback that 1s based on
QQ precoding dimensions, wherein: there 1s a mapping
between the P,qrc CSI-RS ports and the Q precoding
dimensions, and P ¢, #Q.

In step 1506, the UE measures the P¢,»c CSI-RS ports.

In step 1508, the UE determines a measurement for the Q
precoding dimensions based on the mapping and the mea-
surement for the P, ¢;rc CSI-RS ports.

In step 1510, the UE determines a CSI feedback based on
the measurement for the Q precoding dimensions.

In step 1512, the UE transmits, over an uplink (UL)

channel, the determined CSI feedback.
In one embodiment, a precoding dimension 1s associated

with a CSI-RS port via a beamforming vector that precodes
the CSI-RS resource transmitted from the CSI-RS port.

In one embodiment, P ;X0 =Q, wherein O~=a number
of precoding dimensions per CSI-RS port.

In one embodiment, the mapping corresponds to a fre-
quency division multiplexing (FDM) of the O, precoding
dimensions via each CSI-RS port.

In one embodiment, O=2, and the FDM 1s such that a first
precoding dimension 1s assoclated with even numbered
physical resource blocks (PRBs) and a second precoding
dimension 1s associated with odd numbered PRBs.

In one embodiment, the mapping 1s based on multiple
CSI-RS resources such that: a number of CSI-RS resources

O = ¢
Pesirs

Q=a total number of precoding dimensions across O, CSI-
RS resources; P ~¢,»=a number of CSI-RS ports per CSI-RS
resource.

In one embodiment, the mapping 1s based on a value of
CSI-RS density, where the value of the CSI-RS density 1s
configured such that the Q precoding dimensions are con-
veyed based on the P,g,». CSI-RS ports.

FIG. 16 1illustrates a flow chart of another method 1600,
as may be performed by a base station (BS) such as BS 102,
according to embodiments of the present disclosure. The
embodiment of the method 1600 1llustrated 1n FIG. 16 1s for
1llustration only. FIG. 16 does not limit the scope of this

disclosure to any particular implementation.
As 1llustrated 1n FIG. 16, the method 1600 begins at step

1602. In step 1602, the BS (e.g., 101-103 as illustrated in
FIG. 1), generates configuration information for at least one
channel state information reference signal (CSI-RS)
resource that comprises P ¢ s CSI-RS ports.

In step 1604, the BS generates configuration information
for channel state information (CSI) feedback that 1s based on
(Q precoding dimensions, wherein: there 1s a mapping
between the P,qrc CSI-RS ports and the Q precoding
dimensions, and P ¢, 7#Q.

In step 1606, the BS transmits the configuration informa-
tion for the at least one CSI-RS resource.

In step 1608, the BS transmits the configuration informa-
tion for the CSI feedback.

In step 1610, the BS transmits the at least one CSI-RS
resource from the P,¢,»c CSI-RS ports.

In step 1612, the BS receives, over an uplink (UL)
channel, the CSI feedback; wherein: the CSI feedback 1is
based on the Q precoding dimensions, and the Q precoding
dimensions are based on the mapping and the P -¢;»c CSI-RS
ports.
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In one embodiment, wherein a precoding dimension 1s
associated with a CSI-RS port via a beamforming vector that
precodes the CSI-RS resource transmitted from the CSI-RS
port.

[n one embodiment, P ;X0 ~=Q, wherein O,=a number
of precoding dimensions per CSI-RS port.

In one embodiment, the mapping corresponds to a fre-
quency division multiplexing (FDM) of the O, precoding
dimensions via each CSI-RS port.

In one embodiment, O=2, and the FDM 1s such that a first
precoding dimension 1s associated with even numbered
PRBs and a second precoding dimension 1s associated with
odd numbered PRB s.

In one embodiment, the mapping 1s based on multiple
CSI-RS resources such that: a number of CSI-RS resources

0= —2_.
4 Pcsirs

Q=a total number of precoding dimensions across O, CSI-
RS resources; P ¢;»—=a number of CSI-RS ports per CSI-RS
resource.

In one embodiment, the mapping 1s based on a value of
CSI-RS density, where the value of the CSI-RS density 1s
configured such that the Q precoding dimensions are con-
veyed based on the P, CSI-RS ports.

Although the present disclosure has been described with
an exemplary embodiment, various changes and modifica-
tions may be suggested to one skilled in the art. It 1s intended
that the present disclosure encompass such changes and
modifications as fall within the scope of the appended
claims. None of the description 1n this application should be
read as 1mplying that any particular element, step, or func-
fion 1s an essential element that must be included in the
claims scope. The scope of patented subject matter 1s defined
by the claims.

What 1s claimed 1s:
1. A user equipment (UE) comprising:
a transceiver configured to:
receive confliguration information for at least one chan-
nel state information reference signal (CSI-RS)
resource that comprises a number (P,q,5c) of CSI-
RS ports (P, g;rs CSI-RS ports); and
receive configuration information for channel state
information (CSI) feedback that 1s based on a num-
ber (QQ) of precoding dimensions (Q precoding
dimensions),
wherein:
there 1s a mapping between the P .,». CSI-RS ports
and the Q precoding dimensions, and
P cs/rs#Q: and
a processor operably coupled to the transceiver, the pro-
cessor configured to:
measure the P,g-c CSI-RS ports;

determine a measurement for the Q precoding dimen-
sions based on the mapping and the measurement for
the P,¢;pe CSI-RS ports; and

determine a CSI feedback based on the measurement
for the Q precoding dimensions;

wherein the transceiver 1s further configured to transmuit,
over an uplink (UL) channel, the determined CSI

feedback.
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2. The UE of claim 1, wherein each precoding dimension
1s associated with a CSI-RS port via a beamforming vector
that precodes the CSI-RS resource transmitted from the
CSI-RS port.

3. The UE of claim 1, wherein P ,,x0=Q, wherein
O~=a number of precoding dimensions per CSI-RS port.

4. The UE of claim 3, wherein the mapping corresponds
to a frequency division multiplexing (FDM) of the O,
precoding dimensions via each CSI-RS port.

5. The UE of claim 4, wherein O=2, and the FDM 1s such !

that a first precoding dimension 1s associated with even
numbered physical resource blocks (PRBs) and a second
precoding dimension 1s associated with odd numbered
PRBs.

6. The UE of claim 1, wherein the mapping 1s based on
multiple CSI-RS resources such that:

a number of CSI-RS resources

0, - <.
/ Pcsirs

Q=a total number of precoding dimensions across O
CSI-RS resources; and
P <;re=a number of CSI-RS ports per CSI-RS resource.
7. The UE of claim 1, wherein the mapping 1s based on a
value of CSI-RS density, where the value of the CSI-RS
density 1s configured such that the Q precoding dimensions
are conveyed based on the P .. CSI-RS ports.
8. A base station (BS) comprising:
a processor configured to:
generate configuration information for at least one
channel state information reference signal (CSI-RS)
resource that comprises a number (P,,5c) of ports
CSI-RS (P55 CSI-RS ports); and
generate configuration information for channel state
information (CSI) feedback that 1s based on a num-
ber (QQ) of precoding dimensions (Q precoding
dimensions),
wherein:
there 1s a mapping between the P ., CSI-RS ports
and the Q precoding dimensions, and
Pcsirs#Qs and
a transceiver operably coupled to the processor, the trans-
celver configured to:
transmit the configuration information for the at least
one CSI-RS resource;
transmit the configuration information for the CSI
feedback;
transmit the at least one CSI-RS resource from the
P,cns CSI-RS ports; and
receive, over an uplink (UL) channel, the CSI feed-
back;
wherein:
the CSI feedback 1s based on the Q precoding dimen-
sions, and
the Q precoding dimensions are based on the mapping
and the P,¢;»c CSI-RS ports.
9. The BS of claim 8, wherein each precoding dimension

1s associated with a CSI-RS port via a beamforming vector
that precodes the CSI-RS resource transmitted from the

CSI-RS port.
10. The BS of claim 8, wherein P ;:}0~=Q, wherein
O~=a number of precoding dimensions per CSI-RS port.
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11. The BS of claim 10, wherein the mapping corresponds
to a frequency division multiplexing (FDM) of the O,
precoding dimensions via each CSI-RS port.

12. The BS of claim 11, wherein 0=2, and the FDM 1s
such that a first precoding dimension 1s associated with even

numbered PRBs and a second precoding dimension 1s asso-
ciated with odd numbered PRBs.

13. The BS of claim 8, wherein the mapping 1s based on

0 multiple CSI-RS resources such that:

a number of CSI-RS resources

0, - <.
/ Pesirs

Q=a total number of precoding dimensions across Oy
CSI-RS resources; and

P¢ns=a number of CSI-RS ports per CSI-RS resource.

14. The BS of claim 8, wherein the mapping 1s based on
a value of CSI-RS density, where the value of the CSI-RS
density 1s configured such that the Q precoding dimensions
are conveyed based on the P,¢,»c CSI-RS ports.

15. A method for operating a user equipment (UE), the
method comprising:

receiving configuration information for at least one chan-
nel state information reference signal (CSI-RS)

resource that comprises a number (P,¢;5c) of CSI-RS
ports (P c»c CSI-RS ports); and

receiving configuration information for channel state
information (CSI) feedback that 1s based on a number
(Q) of precoding dimensions ((Q precoding dimen-
s10NS),

wherein:

there 1s a mapping between the P,qnc CSI-RS ports
and the Q precoding dimensions, and

P csirs?Q:
measuring the P,¢,rc CSI-RS ports;

determining a measurement for the Q precoding dimen-
sions based on the mapping and the measurement for

the Pgrs CSI-RS ports;

determining a CSI feedback based on the measurement
for the Q precoding dimensions; and

transmitting, over an uplink (UL) channel, the determined
CSI feedback.

16. The method of claim 15, wherein each precoding
dimension 1s associated with a CSI-RS port via a beam-

forming vector that precodes the CSI-RS resource transmit-
ted from the CSI-RS port.

17. The method of claim 15, wherein P g;psx0=Q,

wherein O,=a number of precoding dimensions per CSI-RS
port.

18. The method of claim 17, wherein the mapping cor-
responds to a frequency division multiplexing (FDM) of the
O, precoding dimensions via each CSI-RS port.

19. The method of claim 18, wherein O=2, and the FDM
1s such that a first precoding dimension 1s associated with
even numbered PRBs and a second precoding dimension 1s
associated with odd numbered PRBs.
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20. The method of claim 15, wherein the mapping 1s based
on multiple CSI-RS resources such that:
a number of CSI-RS resources

5
¢
Of = ;
77 Posps
Q=a total number of precoding dimensions across O,
10

CSI-RS resources; and
P, ¢;r=a number of CSI-RS ports per CSI-RS resource.

* K * * K
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